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      As an active research field in analytical chemistry, sample preparation 
techniques is a key step in an analytical procedure and It has received increasing 
attention in the past decade. Recently, with the trend of miniaturization and 
automation, microscale sample preparation methods have begun to generate 
strong interest and have undergone rapid development. These procedures are 
environmentally friendlier, faster and easier to handle than conventional methods. 
      Normally, microscale sample preparation techniques include sorbent-based 
and solvent-based microextraction. Sorbent-based microextraction is usually 
termed solid phase microextraction (SPME). Solvent-based microextraction 
which is also termed liquid-phase microextraction (LPME) features the use of 
microlitres of organic solvent for the extraction and enrichment of analytes. 
      This work focuses on the development and application of two kinds of liquid-
phase microextraction techniques. One is drop-based solvent microextraction 
including static liquid-phase microextraction (extraction solvent drop remains 
static during extraction) and dynamic liquid-phase microextraction (extraction 
solvent plug is agitated during extraction). Non-polar or lower polarity analytes 
such as polycyclic aromatic hydrocarbons can be detected by both of the two 
modes combined with HPLC. The parameters influential to extraction were 
investigated, and the applicability of the methods to environmental water was 
also evaluated. 
      Another microextraction approach involves the use of hollow fiber 
combination with liquid-phase microextraction. It can be categorized into two-
  iii
phase microextraction, and three-phase microextraction or liquid-liquid-liquid 
microextraction (LLLME). By using hollow fiber membrane, the organic solvent is 
held and protected by the membrane during the extraction process. Hence the 
precision and stability of the methods are increased significantly. Also, sample 
clean-up is possible by using this method because of the selectivity of the hollow 
fiber so that it can be applied to “dirty” samples such as soil slurries and 
biological fluids, etc. Hollow fiber protected dynamic two phase microextraction 
has been developed and evaluated for the analysis of pesticides. Trace amounts 
of pesticides have been determined from both water and soil, after extraction 
using this procedure, by gas chromatography-mass spectrometry. Three-phase 
hollow fiber microextraction is suitable for the extraction of polar and ionizable 
analytes such as beta-blockers (drugs) and anilines (environmental pollutants) 
etc. Static three-phase microextraction combined with on-line stacking has been 
developed to extract and enrich several drugs prior to CE analysis. A novel 
approach, named dynamic three-phase microextraction, has also been 
developed and evaluated by using aniline compounds as the model analytes. In 
comparison of dynamic three-phase microextraction with static three-phase 
microextraction, the former provided higher extraction efficiency in a shorter time.       
      The results presented in this thesis show that all the liquid-phase 
microextraction techniques can serve as excellent alternative methods to 
conventional sample preparation techniques in the analysis of organic pollutants 
or drugs in aqueous samples.  
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Chapter 1 Preface 
1.1 Introduction 
 
     Analytical chemistry which is used to identify and measure quantities of 
materials is a key to understanding nature. Currently, with the increasing concern 
of environmental pollution by chemicals, environmental analysis has become an 
even more important branch of analytical chemistry [1].  
      In the past decade, the presence of high/unacceptable concentrations of 
organic substances in the aqueous environment has been a matter of increasing 
interest to the water industry, scientists and the general public alike, from the 
point of view of possible health hazards presented to both human and animal life. 
It has been estimated that new chemicals, most of which are organic, are 
invented and brought into use at a rate of over 1000 per year [2]. Many of these 
will find their way into the aqueous environment as industrial by-products or 
waste, such as plastics, detergents, solvents and pesticides etc. Even small 
amounts of some pollutants can cause potentially toxic problems to man, animals 
and fish. This has put pressure on regulating authorities and research 
organizations to produce more information on trace levels of numerous 
contaminants and their environmental significance. As a result, much analysis is 
being carried out on all types of environmental samples. Probably, the most rapid 
development in the analytical measurements of pollutants has taken place in the 
quantification of organic pollutants. 
     Environmental analysis is different from other analysis in the analytical field 





example, the matrix can be gaseous, aqueous and solid. Generally, the 
concentrations of target compounds in environmental matrices are very low, 
ranging from parts of million (ppm) to parts per billion (ppb), and even parts per 
trillion (ppt) levels. There are several discrete steps in a modern analytical 
process: field sampling, field sample handling, laboratory sample preparation, 
separation and quantification, statistical evaluation, decision and finally action. 
Each of these steps is critical for obtaining accurate and reliable results. It should 
be noted that the slowest step determines the overall speed of the analytical 
process. Due to characteristics of an environmental sample, the sample 
preparation step is of extreme importance in the whole procedure, because it 
must isolate the compounds of interest from the complex sample matrix that 
cannot be handled by the analytical instrument directly, and bring the analytes to 
a suitable concentration level for analysis. Furthermore, sample preparation can 
include “clean up” procedures for very complex, “dirty” samples. For example, 
before the amounts of trace pollutants present in soil or river water can be 
determined, they must be isolated from the matrix, then preconcentrated, and 
subjected to clean up [3]. 
     The nature of environmental samples requires that the analytical technique 
should be able to separate, detect and identify. In the past decades, most efforts 
in the analytical field have been focused on the development of instruments to 
speed up the analysis and increase the method sensitivity. However, during this 
period of time, the development of sampling and sample preparation practices 





techniques, especially standard methods are still based on classical procedures 
having a history of more than one hundred years, such as Soxhlet extraction [5]. 
These classical methods are usually time-consuming and tedious. Commonly, 
while the actual instrumental analysis takes only several minutes, sample 
preparation requires several hours or several days. Also, these classical sample 
preparation methods have multi-step procedures, which lead to loss of 
compounds, require the use of large amount of toxic solvents and potential for 
error during the multi-transfer and operational procedures. Therefore, new 
sample preparation methods which are less labor-intensive, afford less exposure 
to potentially toxic chemicals and enhance productivity of data are needed [6,7]. 
1.2  Sample preparation techniques 
 
      Well-established methods of sample preparation, which have been used as 
standard methods by the United States Environmental Protection Agency (EPA) 
[8], include liquid-liquid extraction (LLE), supercritical fluid extraction (SFE), 
purge and trap, headspace analysis, and solid-phase extraction (SPE).  
      LLE is the most time-consuming and requires large amounts of expensive 
high purity organic solvents, which comprise the largest source of waste in an 
environmental analysis laboratory [8]. The disadvantages of conventional 
extraction techniques have led to the development of new methods which use 
small volumes of organic solvent. 
      SFE is an attractive solvent-free sample preparation technique [9] because 





liquid-like solvating characteristics. However, SFE requires an expensive, high-
pressure supercritical fluid (eg. supercritical carbon dioxide) delivery system.  
      Purge and trap is used for the analysis of volatile organic compounds (VOCs) 
[10]. The extraction medium of this method is gaseous. The carrier gas is first 
introduced into an aqueous sample to purge VOCs from the matrix. Then, the 
VOCs are collected using a cold trap or sorbent trap. The disadvantages of this 
extraction method include expensive operation, foaming and cross-
contamination. 
      Static headspace sampling is another technique for VOCs analysis [11]. The 
extraction medium of this method is also in the gas-phase like purge and trap. It 
has been used to analyze VOCs in food, clinical and other samples. Analytes are 
equilibrated between the sample and its headspace. Because of the lack of any 
concentrating effect, this technique suffers from low sensitivity.       
      In SPE [12,13], analytes are extracted together with interfering compounds by 
passing an aqueous sample through a plastic cartridge or disk containing 
sorbent. A selective organic solvent is normally used to remove interferences 
first, and then another solvent is chosen to wash out the target analytes. SPE is 
simple, inexpensive and uses relatively little solvent although this is still in the 
milliliter range. However, it does have some limitations such as low recovery and 
blockage of the pores in the sorbent by solid or oily components. 
      On the basis of the above limitations, there appears to be a great need for 
new approaches to sample preparation methods which have good efficiency, 





analytical instruments. In this respect, miniaturization has become an important 
trend in the development of sample preparation techniques [14]. Microextraction 
technique, like any other sample preparation methods, is also based on the 
partition of analytes between the sample matrix and an extracting phase. The 
basic principle of microextraction is to employ microliter volumes of extracting 
phase selectively to extract or enrich target compounds from the bulk sample 
matrix. In the past few years, microscale sample preparation techniques have 
undergone dramatic development though they are still in their infancy. Generally, 
microscale sample preparation techniques are simpler, faster and more 
environmentally attractive than conventional ones. Based on the extracting 
phase, microextraction methods currently can be classified into sorbent-based 































































1.3  Sorbent-based microextraction 
 
     The concept of using a sorbent material to extract trace organic compounds 
from various sample matrices was developed twenty years ago [15, 16]. A 
sorbent with strong affinity toward organic compounds has the ability to retain 
and concentrate those compounds from a very dilute aqueous or gaseous 
sample.  
      SPE is a well-established sorbent-based macro-extraction method and has 
been applied to many fields such as environmental, clinical and biology analysis 
[17]. However, SPE still uses appreciable amounts of toxic solvents. The concept 
of SPME which can eliminate this drawback of SPE was developed in 1989 by 
Belardi and Pawliszyn [18]. As a microextraction method, SPME is very easy to 
operate, fast and is completely solvent-free [19]. Following its rapid development, 
the first SPME device fiber-like holder was introduced in 1990 [20] and the SPME 
device based on a reusable microsyringe was commercialized in 1993 by 
Supelco, together with the coated fibers used for extraction.  Today, the types of 
coated fibers have included polydimethysiloxane (PDMS), polyacrylate (PA), 
Carbowax-divinylbenzene, PDMS-divinylbenzene and Carboxen-PDMS. 
     To date, SPME has been developed swiftly in theory, technology and 
application. In the past decade, more than 400 articles on SPME have been 
published in different fields which include environmental, food, pharmaceutical, 
biological, toxicological and forensic applications, as well as its theoretical 
aspects [21]. SPME features the use of micro-litre volumes (less than 1 µl) of  





from the sample matrix or headspace. It is an effective adsorption and desorption 
technique, which eliminates the need for solvents or complicated apparatus. 
Currently, SPME can be classified into on-fiber SPME [20] and in-tube SPME 
[22]. The main difference between them is that the extracting phase is coated on 
a tiny supporting rod for on-fiber SPME and the inner surface of a short capillary 
column is coated by the extracting phase for in-tube SPME. So far, on-fiber 
SPME is the most popular one in the field of microextraction methodology [23-
31]. Generally, on-fiber SPME is combined with GC analysis and also can be 
accommodated in a modified HPLC injector for analysis. In spite of the popularity 
of on-fiber SPME, in-tube SPME is another important concept because it offers a 
range of extracting phases and the potential of automation and combination with 
HPLC and CE [32, 33]. Generally, SPME can provide good quantitative results 
over wide ranging concentrations of analytes and is sensitive for low- 
concentration analytes. However, there are some limitations in the technique.    
     Firstly, it suffers from sample carry-over, which may be difficult to eliminate in 
some cases, though fibers are normally reconditional at high temperatures. Thus, 
blank GC or LC runs should be performed with the fiber between extractions.  
     Secondly, the quality of the fibers depends on the manufacturer, and 
sometimes the performance is different from batch to batch. Conditioning should 
always be performed on each new fiber and also when a fiber has not been used 
for some time. However, even with careful conditioning of the fiber, some 





    Another problem is that the fibers of SPME are very fragile and can easily be 
broken. When applied to “dirty samples”, the fiber coating can be damaged by 
the high percentage of suspended matter during agitation; also, high-molecular-
mass compounds can adsorb irreversibly to the fiber, thus changing the 
properties of the coating and rendering it unusable subsequently. 
    The problem mentioned above might be one of the reasons for the poor 
reproducibility and linearity sometimes encountered with SPME, although using 
headspace SPME or adding internal standard can circumvent these problems. 
However, the analytes which can be concentrated by headspace SPME are 
limited, and it is rather expensive and difficult to find suitable isotopically labeled 
internal standards to obviate this difficulty . 
1.4  Solvent-based microextraction 
 
      The concept of solvent microextraction (SME) can be traced back to the 
middle of the 1970s, when there were attempts to address the problems of high 
solvent consumption and poor automation in LLE. In LLE, the phase ratio is one 
of the critical parameters having great influence on extraction efficiency. A small 
amount of organic solvent was used to extract analytes from a large amount of 
aqueous sample to increase the phase ratio between the two phases [34]. In 
1975 [33], a simple liquid extraction method based on the use of about 1 ml of 
organic solvent was reported. Subsequently, based on this liquid extraction 
method, Murray et al. [35] described a method termed as solvent microextraction. 
Several hundred microliters of solvent was used to extract from about 1 liter of 





of injecting larger sample volumes (20-80 µl) into a GC system to increase the 
amount of sample and therefore method sensitivity [36, 37]. There is a similar 
solvent microextraction method in EPA standard methodologies [8] to analyze 
organochlorine pesticides and commercial polychlorinated biphenyl (PCBs) in 
water. In the 1980s [38, 39], the main development of solvent microextraction 
was flow injection extraction (FIE). FIE has the advantages of high speed, low 
cost and reduced solvent/sample consumption. However, the solvent 
consumption in FIE is still in the order of several hundred microliters per analysis 
and there are problems of deposition and adsorption of the particles on the 
optical cell windows during analysis.  
      In recent years, efforts have been placed on miniaturizing solvent extraction 
processes. Two general methods have evolved including drop-based solvent 
microextraction and hollow fiber combined with solvent microextraction. The 
methods developed are interesting alternatives to conventional LLE [40, 41]. In 
the former method, the extraction phase is a discrete drop of immiscible solvent 
suspended in an aqueous sample or its headspace. In the latter method, 
microliters of extracting solvent are confined in a porous hollow fiber which is in 
contact with the sample. 
1.4.1 Flow injection extraction (FIE)  
 
      Flow injection extraction (FIE) was first described in 1978 independently by 
Karlberg and Thelander [42] and by Bergamin et al. [43]. In FIE [44], a liquid 
sample is injected as a plug into a carrier stream which is often air segmented to 





through the coil, the organic phase is separated from the aqueous phase and led 
through a flow cell. The injected sample forms a zone, which is then transported 
toward a detector that continuously records the absorbance, electrode potential, 
or other physical parameters as the zone continuously flows due to the passage 
of the sample material through the flow cell. Both segmentation and phase 
separation are critical aspects of the FIE technique with respect to reliability and 
precision.  
1.4.2 Drop-based liquid-phase microextraction 
 
      Drop-based solvent microextraction or liquid-phase microextraction (LPME) 
has been receiving attention in recent years. It focuses on miniaturizing the 
solvent extraction procedure. The feature of methods based on this extraction 
approach is that only a very small amount of extracting solvent is used. As phase 
ratios (organic solvent: aqueous phase) are reduced, LPME developed are 
equilibrium extraction techniques rather than exhaustive extraction techniques 
such as LLE. 
1.4.2.1 LPME 
 
      In 1996, Liu and Dasgupta reported a novel drop-in-drop extraction system 
[45]. A water-immiscible organic microdrop (~1.3 µl) was suspended inside a 
flowing larger aqueous drop from which the analyte was extracted. Figure 1-2 
shows the drop-in-drop system. The aqueous phase of the outer drop contained 
the analyte of interest and was continuously delivered and aspirated away 





related to the analyte concentration and precision (5.0%) was assumed to be 
affected by the organic drop volume variation during the determination process. 
While the kinetics of the process were not described in detail, the importance of 
convective transport of analyte was highlighted.  The advantages of the drop-in-
drop system include low consumption of organic solvent and the facility of 
automatic backwash between aqueous and organic drops. 
 
Figure 1-2 Schematic diagram of the drop-in-drop system 
 
      Also in 1996, another drop-based solvent microextraction was developed by 
Jeannot and Cantwell [46]. A microdrop (8 µl) of water-immiscible organic 
solvent, containing a fixed amount of internal standard, was left at the end of a 
Teflon rod immersed in a stirred aqueous sample solution. Figure 1-3 shows a 





had been stirred for a prescribed period of time, the rod was removed from the 
sample solution, and the organic drop was sampled with a microsyringe and 
injected into a GC instrument for further analysis. Essential information regarding 
equilibrium and kinetics of the process was also given. The mass transfer 
coefficient was tentatively interpreted in overall terms of the film theory. However, 
one drawback of both drop-in-drop system and the single-drop microextraction 
system is that extraction and injection was performed separately in two different 




Figure 1-3 Side view illustration of the solvent microextraction system (approximately to scale). 







     In 1997, an alternative drop-based extraction technique [47] was introduced. 
In this revised protocol, a single drop (1 µl) of organic solvent was suspended on 
the tip of a conventional microsyringe needle and was immersed in a stirred 
sample solution. After extraction for a certain time, the solvent drop was retracted 
back into the microsyringe and was directly injected into the GC for analysis. The 
authors found that mass transfer in this microextraction system was proportional 
to diffusion coefficients. Thus, the film theory of convective-diffusive mass 
transfer is applicable here rather than penetration theory where a square-root 
relationship is required 
      Later, the same research group extended the above drop-based technique to 
extract free progesterone in a protein solution [48]. In the presence of 1% (w/v) 
bovine serum albumin (BSA), the extraction rate of analyte was increased, thus 
the processes of diffusion, adsorption and desorption of analyte to the protein film 
formed at the liquid-liquid interface were assumed to enhance mass transfer of 
analyte. 
      He and Lee introduced the term liquid-phase microextraction (LPME) [40] in 
1997. They investigated two different modes of LPME by extracting of 1,2,3-
trichlorobenzene from aqueous solution combined with capillary GC analysis. 
Both modes, i.e., static LPME and dynamic LPME, involved the use of very small 
amounts of organic solvent (<2 µl). In static LPME, the organic drop suspended 
on the needle tip of microsyringe was immersed to the stirred aqueous sample 
solution, while mass transfer of analytes from aqueous sample to organic drop 





used as a micro-separatory funnel as well the sample introduction device for 
injection into a GC for analysis. Dynamic LPME features the repeated movement 
of the syringe plunger, as compared to static LPME. There are two features that 
should be noted in dynamic LPME. Firstly, a very thin organic film is left and 
formed on the inner surface of the microsyringe barrel and needle after the 
organic solvent is withdrawn [40], followed by the aqueous sample solution. 
Extraction then takes place between the organic film (OF) and aqueous sample 
plug (ASP). In addition, a small percentage of analyte in the ASP is transferred 
directly to the solvent plug located at the syringe plunger. Secondly, the repeated 
aspiration of the ASP, following the first sampling cycle, ensures that both the OF 
and the ASP are periodically renewed, and thus the OF would be in contact with 
fresh aqueous sample having the initial analyte concentration in the sample vial. 
Later, the same research group applied static mode of LPME to the analysis of 
eight organochlorine pesticides in water [49]. Factors relevant to the extraction 
process were investigated. The sensitivity of the method was enhanced with 
agitation, and increasing the extraction temperature, of the sample solution. On 
the other hand, the dynamic LPME work was extended to the analysis of ten 
chlorobenzenes with GC analysis [50]. The role of some important factors that 
influence the extraction efficiency was determined. Good linearity, sensitivity, 
repeatabilities, and relative recoveries were obtained, thus demonstrating the 
applicability of this method to trace analysis. Both static LPME and dynamic 
LPME were also applied to the determination of polycyclic aromatic hydrocarbons 





      Drop-based LPME has now been applied to environmental and drug 
analyses. De Jager and Andrews used solvent microextraction for the analysis of 
organochlorine pesticides from river water [52]. The method yielded satisfactory 
correlation coefficients and the extraction of analytes from aqueous solutions with 
concentrations down to 1 ng/ml was achieved. The same authors later developed 
their work as a screening method using LPME and fast GC [53]. Total analysis 
time was less than 5 min, allowing 11 samples to be screened per hour. This 
research group also extended this fast and simple preparation technique to 
extract polycyclic aromatic hydrocarbons from soil [54]. Application of drop-based 
LPME to the analysis of nitroaromatic explosives in water samples was 
investigated by Psillakis and Kalogerakis [55]. Extraction of 11 nitroaromatics 
was achieved by suspending 1 µl of organic solvent at the tip of a microsyringe. 
The limits of detection using bench-top quadrupole mass spectrometry and short 
extraction times (15 min) were found to be between 0.08 and 1.3 µg/l. This drop-
based LPME was also applied to the analysis of 1,2,3-trichlorobenzene and 
tribromomethane in aqueous samples [56]. 
      In addition, drop-based LPME has been applied to drug analysis. Some 
commonly abused illicit drugs such as amphetamines and phencyclidine in urine 
were investigated using LPME combined with GC analysis [57]. The optimized 
method was capable of detecting drugs in urine at concentrations below the  
Substance Abuse and Mental Health Services Administration established cut-off 
values for preliminary testing. Cocaine and cocaine metabolites in urine samples 





      Recently, drop-based LPME was applied to headspace analysis of volatile 
organic compounds (VOCs) in an aqueous matrix [59-62]. Direct headspace 
analysis of VOCs in various matrixes has been utilized extensively for years to 
directly determine VOCs without interference from the sample matrix [63,64]. 
Headspace LPME is a novel method of sample preparation for chromatographic 
analysis. The analytes are extracted by suspending an organic microdrop directly 
from the tip of a microsyringe and the needle tip appears above the surface of the 
solution which contains the analytes. Headspace LPME features on renewable 
drop (no sample carryover), low cost and ease of use etc. In work by Jeannot’s 
group [60], detailed kinetic studies using benzene, toluene, ethylbenzene and o-
xylene (BTEX) as model compounds revealed that the overall rate of mass 
transfer in headspace LPME was limited by both the aqueous-phase stirring rate 
and the degree of convection within the organic phase. This headspace LPME 
was also applied to the analysis of BTEX in water [61] and alcohols in beer [62].    
      Continuous-flow microextraction (CFME) is another kind of drop-based LPME 
[65]. In a 0.5-ml glass chamber, an organic microdrop was held at the outlet tip of 
a polyetheretherketone (PEEK) connecting tubing which was immersed in a 
continuously flowing sample solution and which acted as the fluid delivery duct 
and as a solvent holder [Figure 1-4]. Trace nitroaromatic compounds and 
chlorobenzenes in aqueous samples were concentrated by this technique and 








Figure 1-4 Assembly of continuous-flow microextraction system. (1) Connecting PEEK tubing, 
inserted into the extraction chamber; (2) Modified pipet tip; (3) "o"-ring; (4) Inlet of extraction 
chamber; (5) Extraction chamber; (6) microsyringe; (7) solvent drop.  
 
      Compared to conventional LLE and SPE, LPME gives a comparable and 
satisfactory sensitivity and much better enrichment of analytes. It has the 
advantages of high extraction speed and is virtually solvent-less. There is no 
need for expensive extraction apparatus to be used in the proposed method and 
there is potential of this novel technique to be applied to field analysis if it can be 
combined with portable analytical instrumentation. The extreme simplicity and 
cost-effectiveness of LPME makes it quite attractive when compared to traditional 
extraction techniques. 
1.4.2.2  LPME with simultaneous back-extraction 
 
      There are two limitations in LPME. Firstly, the selected extraction solvent in 
LPME is normally of low polarity or is non-polar with low water solubility, such as 





cannot be ignored. Therefore, LPME is more suitable for determining non-polar 
analytes such as chlorobenzenes when a non-polar extraction solvent is used 
based on the extraction theory “like dissolves like” as in LLE. However, for highly 
polar analytes, such as phenols, the extraction performance is generally 
unsatisfactory. Secondly, LPME is easily coupled to GC by direct injection of the 
extraction organic solvent enriched with analytes. However, LPME cannot be 
coupled to reversed-phase HPLC directly, since the extraction organic solvent is 
not compatible with the aqueous mobile phase. The extraction organic solvent 
must usually be evaporated to dryness, and then reconstituted with a suitable 
solvent. Sometimes, this procedure may lead to analyte loss which will influence 
the final analytical results.  
      Liquid-phase microextraction with simultaneous back-extraction (LPME/BE) 
[66] can address the above limitations of LPME. The ionizable analytes in the 
extraction organic solvent can be back-extracted into a second aqueous phase 
so that it can be directly injected into HPLC, and also further purification was 
gotten. In one example of LPME/BE, this forward- and back-extractions system 
used a microliter-size membrane which was held within a Teflon ring to separate 
the aqueous sample (prepared in basic buffer) and receiving phase (acid buffer) 
[66]. This LPME /BE device is shown in Figure 1-5 [66]. The technique is efficient 
and selective for ionizable compounds. Later, this LPME /BE technique was 
applied to determine phenols in water combined with HPLC analysis [67]. At the 
optimized extraction conditions, a large enrichment factor (more than 100-fold) 





method to the analysis of aromatic amines combined with HPLC was also 
reported [68]. Further development of this LPME /BE technique was achieved by 
enlarging the volume ratio of donor phase to receiving phase since the higher 
volume ratio could lead to much higher enrichment factor [69]. The authors 
reduced the volume of the aqueous receiving phase to only a single microdrop 










1.4.2.3 Theory of LPME       
 
      The principle of LPME is based on the equilibrium partitioning of analytes 
between the extraction solvent and the sample matrix rather than exhaustive 
extraction when equilibrium is reached. The equilibrium methods are much more 
selective because they take full advantages of the difference in extracting phase-
matrix distribution constants to separate target analytes from interferences. 
      The equilibrium concentration of analytes in the organic phase is given by 
[46]: 
 





+        
 
(1-1) 
Where Caq,initial and Caq,eq are the initial and equilibrium aqueous phase 
concentrations, Vo and Vaq are the organic- and aqueous- phase volumes, and k 
is the distribution coefficient, defined by 
  K = Co,eq / Caq,eq       (1-2) 
 
Thus, k and/or Caq,initial must be sufficiently large, and the phase ratio, Vo/Vaq must 
be reasonably small so that Co,eq is large enough to be detected for analysis. 
Also, in the interest of time, equilibrium may not be reached in an analytical 
application, so the organic phase concentration may be lower than Co,eq.  
1.4.3 Hollow fiber-protected LPME 
 
      Hollow fiber-protected LPME [70] is a more recent development in the 





the extraction solvent during extraction. It can be classified as two-phase hollow 
fiber-protected LPME and three-phase hollow fiber-protected LPME.  
1.4.3.1 Two-phase hollow fiber-protected LPME 
 
      A major problem of drop-based LPME is the stability of the solvent drop. 
Although attempts have been made to improve the stability of the microdrop by 
selection of a syringe with a beveled needle tip [48], suitable solvent [56] and 
very small volume of solvent (~1-µl), the problem cannot be overcome 
completely. Furthermore, drop-based LPME is not a sample clean-up procedure. 
The proposed method works best with a clean matrix because particles or 
bubbles in “dirty” samples lessen the stability of the extraction drop. Foreign 
particles can also damage the analytical instrument. The performance of LPME in 
relation to “dirty” samples such as soil slurry [54] is usually compromised by 
necessarily limiting the extraction time and stirring speed etc. to maintain the 
stability of the extraction drop. 
      Two-phase hollow fiber-protected LPME has been developed to address the 
above problems [71]. The microextraction device consists of a porous hollow 
fiber (made of polypropylene) attached to two guiding needles inserted through a 
septum and a 4-ml vial. The hollow fiber, filled with extraction solvent (15-25 µl), 
was immersed in the sample solution. Some drugs in biological matrices were 
determined with this approach by capillary GC analysis [70-72].  
      In a later work, a much shorter hollow fiber (1.3 cm) was used to protect the 
solvent drop during extraction [73], in which the configuration of the extraction 





configuration increased the contact area between the sample solution and 
extracting solution since the surface area of a sphere is the smaller for the same 
volume. Thus, the extraction efficiency was increased. Furthermore, the stability 
of the solvent drop was enhanced with the protection afforded by the hollow fiber 
to benefit the extraction. Eight triazines were employed as model compounds to 
assess this novel extraction technique. The results indicated that this novel 
method was both a good sample preconcentration technique and an excellent 
sample clean-up procedure. This procedure was also applied to determine 
organochlorine pesticides (OCPs) in seawater using GC/MS analysis [74]. 
Optimum extraction conditions have been evaluated with respect to sample pH 
and salt content etc. A high level of detection linearity was obtained for OCPs 
with detection limits in the parts per trillion (ppt) to sub-parts per billion range. Six 
phthalate esters in water were also determined with this approach by GC/MS 
analysis [75]. 
      Two modes of two-phase hollow fiber-protected LPME include static- and 
dynamic- mode have also been developed for GC/MS [41]. Both methodologies 
used 3-µl organic solvent impregnated in the hollow fiber, which was held by the 
needle of a conventional GC syringe. The results showed that the dynamic mode 
could provide higher enrichment and better reproducibility than the static one. 
The dynamic mode was also applied to determine several kinds of pesticides  
combined with GC/MS analysis [76]. 






      Bulk liquid membrane (BLM) technique [77] is a classical extraction 
technique, usually uses a volume ranging from a few milliliters to over 100 ml. 
Due to the thickness of the membrane in the BLM technique, transport steps, 
which are typically conducted using a U-tube cells, are extremely time-
consuming, making the BLM technique of little use for practical analytical 
application. The earlier work of applying a supported liquid membrane (SLM) 
technique for the analysis of basic drugs [78-80], the analytes were extracted 
from plasma sample (donor solution) into an organic solvent immobilized in a 
porous poly(tetrafluoroethene) membrane and subsequently back-extracted into 
an aqueous acceptor phase on the other side of the membrane (three-phase 
extraction). Mass transfer of analytes occurred between the three phases (donor 
solution, organic solvent and acceptor solution) by pH difference. Since the 
volume ratio between donor phase and acceptor phase was large, the analytes 
were enriched within the acceptor phase. However, this promising technique was 
relatively complex to be operated. 
      Three-phase hollow fiber-protected LPME was developed based on the basic 
principle of SLM technique [81]. In this method, a polypropylene hollow fiber was 
used as the membrane in SLM. Briefly, a piece of hollow fiber (8-cm) was first 
dipped into an organic solvent, which fills the pores within the hollow fiber. An 
aqueous acceptor solution (25 µl) was introduced inside the hollow fiber. Then, 
the unit was dipped inside the aqueous sample (donor solution) by two 
microsyringe. After extraction, the acceptor solution was transferred to a 200-µl 





concentrating basic analytes (methamphetamine), and separating them from 
large molecules (proteins, DNA), neutral or acidic compounds since only ionized 
species were extracted into acceptor phase. The diagram of the three-phase 
hollow fiber-protected LPME extraction device is shown in Figure 1-6. Compared 
to SLM, the thickness of the organic film inside the hollow fiber is easier to control 
in three-phase hollow fiber-protected LPME and there are no memory effects and 
long-term instability because of the use of a new hollow fiber of every extraction. 
 
 
Figure 1-6 Diagram of the three-phase LPME extraction unit (not to scale). 
      The above work was employed to the analysis of acidic drugs present in 
water sample and in human urine [82]. The acid drugs, ibuprofen, naproxen, and 
ketoprofen were extracted from the acidified sample solutions into dihexyl ether 
phase immobilized in the pores of the hollow fiber, and further into the alkaline 





CE analysis using this method. Also, the application of three-phase hollow fiber-
protected LPME to the analysis of the antidepressant drug citalopram and its 
major metabolite in plasma as model compounds of relatively high hydrophobicity 
was described by the same group [83].  
      Using two basic drugs as model compounds, reduction of extraction time in 
three-phase hollow fiber-protected LPME was studied [84]. The authors found 
extraction times were significantly reduced by an increase in the surface of the 
hollow fiber. In this paper, two model drugs were extracted to equilibrium within 
15 min from both urine and plasma, and within 30 min from the whole blood. 
Three-phase hollow fiber-protected LPME was also applied to the analysis of 
chiral antidepressant drugs in plasma [85]. Discrimination between the 
enantiomers in the extraction system was not observed. The results indicated 
that the method was a promising combination of analysis of racemic drugs 
present in low concentrations in biological matrices. Recently, the above method 
was compared with conventional liquid-liquid extraction in terms with recovery, 
enrichment and selectivity [86]. The results showed that three-phase hollow fiber-
protected LPME generally provided much higher recoveries and enrichments 
than three-phase LLE. Both techniques provided a high selectivity since more 
hydrophilic compounds remained in the sample solution. The three-phase LPME 
approach was also applied to determine anabolic steroid glucuronides in 
biological samples using liquid chromatography/mass spectrometry analysis [87]. 
      Our group further developed this three-phase microextraction technique by 





one syringe [88]. In this system, one of the ends of a 2.0 cm hollow fiber segment 
was flame-sealed and the syringe needle was inserted into the open end to 
introduce the acceptor solution. This system is very convenient to operate. Up to 
380-fold enrichment of nitrophenols could be achieved with capillary LC analysis. 
This method was also extended to the analysis of aromatic amines in water 
samples [89], phenoxy herbicides in bovine milk [90] and aminoalcohols in urine 
[91]. Recently dynamic three-phase LPME was developed to determine anilines 
combined with CE analysis [92]. 
1.4.3.3 Theory of three-phase hollow fiber-protected LPME 
 
      Three-phase hollow fiber-protected LPME involves a series of two reversible 
extractions [81]. For an analyte i, the extraction process may be illustrated with 
the equation: 
 iai            io               ia2       (1-3) 
where the subscript a1 represents the aqueous donor phase (sample solution), o 
the organic phase within pores of the hollow fiber, and a2 the acceptor phase. At 
equilibrium, the distribution ratios for the analyte i  in the three-phase system are: 
 K1 = Co,eq / Ca1,eq       (1-4) 
and  
 K2 = Co,eq / Ca2,eq       (1-5) 
where Co,eq is the equilibrium concentration of i in the organic phase, Ca1,eq is the 
equilibrium concentration of i in the donor phase, and Ca2,eq is the equilibrium 
concentration of i in the acceptor phase. At equilibrium, the mass-balance 





 Ca1,initial = (K2Ca2,eq)/K1 + (K2Ca2,eqVo)/Va1 + (Ca2,eqVa2)/Va1       (1-6) 
where Ca1,initial is the initial concentration of i in the donor phase (sample), Va1 is 
the volume of donor solution (sample), Vo is the volume of organic solvent in the 
pores of the hollow fiber, and Va2 is the volume of acceptor solution inside the 
hollow fiber. The enrichment factor (Ee), defined as the ratio Ca2,eq/Ca1,initial, is 
calculated by rearranging eq (1-6): 
 Ee  = 1 / [K2/K1+ (K2Vo)/Va1 + Va2/Va1]       (1-7) 
Assuming Vo is small, eq (1-6) is simplified to: 
 Ee = 1/[1/K + Va2/Va1]       (1-8) 
where: 
 K = Ca2,eq / Ca1,eq       (1-9) 
When K is equal to 100, Va2/Va1 is between 100-1000, Ee can be around 50-91 
calculated from eq (1-8). So, K value of 100 or more is required for the analytes 
of interest in order to obtain high enrichment factors (>50). Also, the 
donor/acceptor volume ratio should not be below 100 in order to obtain high 
enrichment and to ensure analyte preconcentrations are sufficient for practical 
work with biological or environmental samples.       
1.5 Scope of study 
 
      As a summary, microextraction has become an important trend in sample 
preparation techniques. Generally, microextraction is characterized as solid-
phase microextraction (SPME) and solvent-based microextraction. Most modes 
of solvent-based microextraction can be termed as liquid-phase microextraction 





over, etc., our research focuses on LPME. The objective of this research project 
is to develop and apply LPME techniques in the analysis of environment 
pollutants. The scope of study includes: drop-based liquid-phase microextraction 
technique combined with HPLC analysis, two-phase hollow fiber-protected liquid-
phase microextraction technique combined with GC/MMS, three-phase liquid-
phase microextraction technique combined with capillary electrophoresis. 
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Chapter 2  Drop-based liquid-phase micro-




            In this part of our work, drop-based LPME technique (static and dynamic 
LPME) combined with high-performance liquid chromatography (HPLC) was 




          Liquid chromatography (LC) is an analytical technique that is used to 
separate a mixture in solution into its individual components. HPLC is the term 
used to describe liquid chromatography in which the liquid mobile phase is 
mechanically pumped through a column that is packed with the stationary phase. 
An HPLC instrument, therefore, consists of an injector, a pump, a column, and a 
detector. 
          HPLC has been in use since the late 1960s, following the successful 
establishment of gas chromatography (GC) as a routine laboratory method [93-
96]. GC is limited in its applications, being suitable for volatile analytes, and the 
analysis of compounds which are non-volatile, thermally labile or easily oxidized 
is problematic. HPLC fills this gap and has thus become an essential addition to 
GC in every analytical laboratory. It is routinely used not only in the analysis of 
thermally labile, nonvolatile ionic compounds but for all types of molecules from 
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the smallest ions to even large biological molecules. It is also a powerful 
analytical tool in environmental monitoring.  
      Organic pollutants such as pesticides and PAHs are of environmental 
concern because they are toxic and trace persistent. HPLC has been widely used 
for the analysis of the pollutants. However, there are problems associated with 
HPLC analysis: 1) The limit of detection is above the very low sample 
concentration of organic pollutants in the sample; 2) The environmental sample 
cannot be analyzed directly due to the complex matrix.  
      For the isolation and preconcentration of target organic contaminants from 
the sample prior to HPLC analysis, many methods have been developed such as 
liquid-liquid extraction (LLE), solid-phase extraction (SPE), solid-phase 
microextraction (SPME) and more recently solvent microextraction (SME) or 
liquid-phase microextraction (LPME) [97-102]. These methods have been 
introduced in chapter 1. 
2.1.2 Drop-based LPME 
 
       Drop-based LPME includes two modes: static LPME and dynamic LPME. 
Both static and dynamic LPME can be carried out in a conventional microsyringe 
for extraction. The two extraction modes are characterized by the difference in 
the movement of the microsyringe plunger. Static LPME features the use of an 
organic drop at the tip of microsyringe needle for extraction. Dynamic LPME 
features the repeated movement of the microsyringe plunger and organic plug 
within the microsyringe to draw in aqueous sample for extraction. These two drop 
or plug-based solvent microextraction techniques can provide an attractive 
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alternative to conventional LLE and SPME for HPLC analysis of aqueous 
pollutants. 
       In this part of our work, we demonstrated that static LPME provided a simple, 
inexpensive and environmentally-friendly approach to preconcentrate trace PAHs 
in water samples prior to HPLC analysis. To achieve this goal, the factors 
influential to static LPME were studied and optimized. 
      In order to improve the extraction efficiency of LPME, our group recently 
introduced a novel dynamic LPME technique [40, 50] that was shown to be fast 
and highly efficient but was performed manually. Furthermore, although 
increasing sampling time was useful to increase the sensitivity, it was 
experimentally impractical if the procedure was performed manually. In this part 
of work, we report on the automation of dynamic LPME, in combination with 
HPLC for analysis of PAHs. A programmable syringe pump was used to 
automate the extraction. The factors influential to automated dynamic LPME such 
as the type of organic solvent, plunger movement pattern, sampling volume, 
number of samplings, salt concentration and temperature were investigated. In 
addition, reproducibility, linearity, enrichment factor and recovery were also 
studied under optimized conditions. 
2.1.3 Polycyclic aromatic hydrocarbons (PAHs)  
 
         PAHs are widespread environmental pollutants and many are suspected to 
be carcinogenic [103]. Because of this, the analysis of PAHs has become an 
important fact of environmental analysis for several decades. Evaluation and 
monitoring of trace levels of these compounds from different environmental 
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matrices are imperative. In order to determine trace levels of these pollutants, an 
extraction and pre-concentration step is usually necessary. 
       Current techniques for the extraction and concentration of PAHs from water 
are liquid-liquid extraction (LLE), solid-phase extraction (SPE) [104-106], 
supercritical fluid extraction (SFE) [107] and solid-phase microextraction (SPME) 
[108, 109]. However, all these techniques have some disadvantage which have 
been described in chapter 1. 
        LPME only requires very simple and low cost devices and does not suffer 
from carryover between extractions that may be experienced using SPME etc. In 
this work, we investigated two modes of drop-based solvent microextraction 
techniques combined with HPLC analysis: static and dynamic LPME in the 
extraction of PAHs, respectively.                        
2.2  Experimental 
2.2.1 Chemicals and samples 
 
      Fluoranthene was bought from Supelco (Bellefonte, PA, USA). Pyrene, 
chrysene, benzo[b]fluoranthene, benzo[k]fluoranthene were bought from Dr. 
Ehrenstorfer GmbH (Augsburg, Germany). Benzo[a]pyrene was bought from 
Aldrich (Milwaukee, WI, USA). Stock solutions (0.1 mg/ml) of each analyte were 
prepared in methanol. HPLC-grade methanol, acetonitrile, toluene, methylene 
chloride, chloroform and benzene were from J.T. Baker (Phillipsburg, NJ, USA). 
Deionized water was produced on a Nanopure (Barnsted, Dubuque, IA, USA) 
ultrapure water system. Dichloromethylsilane was from Fluka (Buchs, 
Switzerland). Water samples were prepared by spiking deionized water with 
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analytes (Figure 2-1) at known concentrations (10-50 µg/l) to study extraction 
performance under different conditions. 
      Water samples were collected from a local river, and from a drain. Samples 
were filtered (0.2 µm filter), followed by storage at room temperature (25oC, 24 
h). They were filtered again prior to extractions. 
 






Figure 2-1 Structures of six polycyclic aromatic hydrocarbons 
2.2.2 Silanization of glassware 
 
      All glassware used was silanized by dichloromethylsilane as described by 
Potter [110] to prevent adsorption of PAHs. 
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2.2.3 Drop-based LPME procedures 
2.2.3.1 Extraction of PAHs by static LPME 
 
      The experimental set up of static LPME is illustrated in Figure 2-2. One 10-µl 
microsyringe with a 22° bevel needle tip (ITO, Fuji, Japan) was used for 
introducing organic solvent. Another 10-µl microsyringe with a flat-cut needle tip 
(glass barrel, i.d. 0.46 mm, needle i.d. 0.11 mm) (Hamilton, Reno, NV, USA) was 
for injecting extracts into the HPLC. Static LPME consists of the following steps: 
(1) The magnetic stirrer is switched on to agitate the aqueous sample solution; 
(2) The microsyringe is rinsed with organic solvent (e.g. toluene) for at least five 
times to ensure that no air bubble is left in the barrel and the needle; (3) A 
specified volume (e.g. 3 µl) of organic solvent is drawn into the syringe with the 
needle tip out of the solution, the plunger is depressed by 1 µl; (4) The needle is 
then inserted through the septum of the sample vial (3-ml capacity) and 
immersed in the aqueous sample. The distance between the tip and stirring 
should be maintained consistently (ca. 1 cm) for all experiments to ensure good 
precision; (5) The plunger is depressed to expose the organic drop to the stirred 
aqueous solution for a period of time; (6) The drop is retracted into the 
microsyringe, and the syringe needle is retracted from the sample solution; (7) 
The organic solvent drop is transferred to a micro-vial (25-µl capacity) dried by a 
slow nitrogen flow, and redissolved in 10 µl methanol; (8) The 10-µl extract is 
injected into the HPLC.  
      It must be noted that in this procedure, a little over 3 µl of toluene, for 
example 3.2 µl, is withdrawn into the syringe and then the volume is adjusted 
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accurately to 3 µl before immersing the needle in the solution in order to prevent 
air bubble formation during extraction.  
 
 
Figure 2-2 Schematic of static LPME system (not to scale). 
 
2.2.3.2 Extraction of PAHs by dynamic LPME 
 
      The experimental set up of dynamic LPME is illustrated in Figure 2-3. A 
Harvard Apparatus (Holliston, MA, USA) model PHD 2000 syringe pump was 
used for extraction. Two 25-µl microsyringes (Hamilton, Reno, NV) with flat-cut 
needle  tips were used,  one for automated extraction controlled by the pump 
(placed vertically), and the other for HPLC injection.  
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Figure 2-3 Schematic of dynamic LPME system (syringe pump not shown). 
 
Dynamic LPME consists of the following steps: (1) The syringe pump is 
programmed based on the following parameters: (i) refill speed (eg 1.33 µl/s); (ii) 
sampling volume (eg 0.020 ml); (iii) dwell time (eg 2 s);  (iv) infusion speed (eg 
1.33l µl/s); (v) sampling volume (eg 0.020 ml); (vi) dwell time (eg 2 s); (vii) restart; 
(2) A specified volume (eg 4 µl) of organic solvent is withdrawn into the 25-µl 
microsyringe; (3) The microsyringe is placed in the groove of the pump; (4) the 
needle of the microsyringe is inserted through the septum of  sample vial (3-ml 
capacity) and its tip immerses in the aqueous sample; (5) The syringe extraction 
programme is activated; (6) After extraction the extract is delivered to a micro-
vial, (25-µl capacity), and dried by a slow nitrogen flow; (7) The residue is 
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redissolved with 10 µl methanol; (8) The reconstituted extract (10 µl) is injected 
into the HPLC. 
2.2.4 Apparatus 
 
      HPLC was performed on a Shimadzu (Tokyo, Japan) LC-6A pump equipped 
with a Shimadzu SPD-6A UV detector and a CR-3A integrator. A Whatman 
(Kent, UK) PartiSphere C18 110 mm x 4.7 mm I.D. column was used. The mobile 
phase was acetonitrile: water (65:35). A flow rate 1.0 ml/min was applied, and the 
UV detection wavelength was 254 nm. 
2.3  Results and discussion 
2.3.1 Static LPME for trace analysis of PAHs in river 
water 
      
      The initial objective was to optimize static LPME sampling conditions for the 
extraction of PAHs from water samples. A univariate optimization, a standard 
approach to this type of analytical study, was used in the current study. There 
are several parameters to optimize the performance of static LPME such as the 
type of extraction solvent, its volume, extraction time, salt concentration and 
temperature.  
      We used the enrichment factor to evaluate the extraction efficiency under 
different conditions. The enrichment factor, defined as the ratio of the peak 
area of a particular attained with extraction and that without extraction. We 
studied the extraction of four PAHs including pyrene, chrysene, 
benzo[b]fluoranthene and benzo[a]pyrene by static LPME. 
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2.3.1.1 Selection of extraction solvent  
 
      Dichloromethane, chloroform, hexane, cyclohexane, benzene and toluene 
were compared in the extraction of PAHs. Traditionally, dichloromethane and 
chloroform are used to extract PAHs in LLE [111, 112]. Due to the relatively 
higher solubilities of PAHs in them. However, they are not suitable for static 
LPME because of the difficulty of holding the solvent microdrop at the tip of the 
microsyringe for a considerable time (≥ 15 minutes). The extraction results of 
benzene and toluene were similar in terms of peak area and were better than 
hexane and cyclohexane (See Table 2-1). Toluene provided slightly higher 
concentration factors than benzene and was more easily held at the tip of the 
microsyringe (drop stability was significantly higher). Thus, it was chosen as the 
solvent for extracting PAHs. 
Table 2-1  Extraction efficiency using different organic solvents a 
Preconcentration (-fold) PAHs 
 Hexane Cyclohexane Benzene Toluene 
Pyrene 20 30 35 40 
Chrysene 40 40 60 80 
Benzo[b]fluoranthene 20 20 40 50 
Benzo[a]pyrene 8 8 25 30 
a Extracting for 15 min from 3 ml spiked water sample (50 µg/l of each analyte) using 2-µl drops, 
with stirring rate at 500 rpm. Data were obtained from mean values of three experiments.  
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2.3.1.2 Selection of organic drop size   
      Generally, in LPME, a equilibrium of solute concentration is developed 
between  two immiscible liquid phases: the aqueous and the organic phases. The 
amount of each analyte extracted into the organic drop is given by [20]:  
 N=KVorg,eqCaq,ini        (2-1) 
where N is the number of moles of  the analyte extracted by  the organic drop; K 
is the distribution coefficient of the analyte between the aqueous phase and the 
organic drop; Vorg,eq  is the volume of organic drop at equilibrium; and Caq,ini is the 
initial concentration of the analyte in aqueous solution.  As depicted by eq. (2-1), 
the amount of analyte extracted by the organic drop is linearly proportional to the 
drop size at equilibrium, which is demonstrated by the increase of HPLC signals 
with the size of the toluene drop in the range of 1-4 µl (Figure 2-4). Although a 
larger drop size should be used for greater enrichment, ≥ 4 µl dropsizes are not 
preferred since they are prone to detachment from the needle tip and are lost. 
On this basis, a 3-µl drop was used to study the performance of LPME. This 























Figure 2-4 Effect of different dropsizes on the extraction efficiency of static LPME. Organic 
solvent: toluene. Stirring rate: 500 rpm. Extraction time: 15 min. Abbreviations: Pyr=pyrene, 
Chr=chrysene, BbF=benzo[b]fluorathene, BaP=benzo[a]pyrene. 
 
2.3.1.3 Speed of agitation  
 
      The influence of agitation on the extraction of PAHs was investigated. In 
Figure 2-5, it is seen that as stirring speed increased, so does the total extraction 
rate. Based on the film theory of convective-diffusive mass transfer [113], at 
steady state, the diffusion coefficient in the aqueous phase increases with 
increasing stirring rate because faster agitation can decrease the thickness of the 
diffusion film in the aqueous phase.  
      Liquid-liquid extraction in the present system involves the distribution of an 
analyte between aqueous sample and organic drop. This process can be 
described by eq. (2-2) [114, 115]. 
 Co,t=Co,eq(1-e-kt)       (2-2) 
  42
where Co,t and Co,eq are the concentration of the analyte in the organic drop at 
time t, and at equilibrium, respectively, and k is the observed rate constant 
related to the overall mass transfer coefficient β0 by 
 k= Ai β0 (K /Vaq + 1/V0)       (2-3) 
where Vo and Vaq are the volumes of the organic and aqueous phases 
respectively, Ai is the interfacial area, β0 is the overall mass transfer coefficient 
with respect to the organic phase, K is the distribution coefficient. It has been 
observed that β0 is related to stirring rate S by an expression of the form [115]. 
 Log β0 =logM + p log S       (2-4) 
      Stirring of the aqueous solution enhances the convection of both the aqueous 
and organic phases, and thus the total mass transfer, β0. Therefore, with higher 
stirring speed, β0 increases, and thus the total extraction rate increases. Since 
the total extraction rate (k) increases, Co,t  thus  increases  with higher stirring 
speed calculated by Eqn 2-2. Our results support this theory. However, higher 
stirring speed also results in the instability of the organic drop. The stability of an 
organic drop at the tip of the needle depends on the balance of three forces [40]: 
upward floating force, downward gravity and adhesion forces resulted from 
surface tension. When the aqueous solution is stirred too vigorously, the 
equilibration exerted by the three forces is disturbed so that the attached organic 
drop is detached from the needle tip. It was found that a 3-µl toluene drop was 
unstable when stirring speed was over 700 rpm. On this basis, stirring speed was 
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Figure 2-5 Effect of extraction speed on the extraction of PAHs by static LPME. Organic solvent: 
toluene. dropsize: 3 µl. extraction time: 20 min. 
 
2.3.1.4  Selection of extraction time 
 
      The effect of extraction time on static LPME was investigated. In most SPME 
applications, the efficiency of extraction increased with extraction time though 
efficiency also decreases after some time extraction in some SPME work [116, 
117]. In our LPME work, we can see from Figure 2-6 that the HPLC signals 
increase with extraction time up to about 20 min; subsequently the signals 























Figure 2-6 Effect of extraction time on the extraction of PAHs by static LPME. 
 
      Like SPME, static LPME is a process dependent on equilibrium rather than 
exhaustive extraction. A certain time is needed for equilibrium between the 
organic drop and aqueous phase to be established. Generally, the amount of 
analyte extracted should increase with longer extraction time before equilibrium is 
established until a maximum is attained at equilibrium.  However, in the case of 
toluene as extractant, its dissolution in the aqueous phase (0.052% v/v) [118] is 
significant, especially under stirring, compared to the solubility of the adsorbent 
on an SPME fiber. The dissolution rate of toluene was 0.1 µl/8 min with 30-
minute extraction. It was observed that 3 µl of toluene was reduced to ca. 2.8 µl 
after exposure to a stirred (600 rpm) solution sample for 20 minutes. The 
extraction of analytes into the organic drop, and the dissolution of some of the 
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organic drop into the aqueous solution govern the concentration in the microdrop. 
Thus, the reason that at 20 min the highest extraction efficiency was attained 
could be due to an interaction amongst these factors that influenced LPME. As 
long as the extraction time is consistently applied, quantitative analysis can be 
performed accurately. 
2.3.1.5 Linearity, reproducibility and sensitivity 
 
      The initial concentration of analytes (Caq,ini) in an aqueous sample solution 
was evaluated based upon the measured value of the analyte concentration in 
the organic drop (Co,t) at sampling time, t, in an extraction process. When 
sampling time is at t, the concentration of analyte at the point with distance r 
from the center of organic drop is given as [119]: 
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π Dt)        (2-5) 
     Co is the interfacial solution concentration, R is the droplet radius and D is 
the diffusion coefficient of analytes in the droplet. The average concentration of 













π Dt)]C0dr       
 
(2-6) 
      As with SPME [20] as mentioned previously, LPME is not an exhaustive 
extraction procedure but one in which an equilibrium of analyte is partitioned 
between the aqueous solution and the organic drop. Since the volume of the 
aqueous solution is much bigger than that of the organic drop (e.g. 3000 µl vs. 1 
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µl), the variation of analyte concentration during the extraction process is 
negligible. Co is thus kept constant as Caq,ini. 











π Dt)]Caq,ini dr       
 
(2-7) 
      According to eq. (2-7), there is a linear relationship between Caq,ini and Co,t, 
provided that stirring conditions and sampling time are the same for different 
concentrations of sample. The linearity of calibration plots was studied by 
extracting the four PAHs over a concentration range of 2-100 µg/l. The six 
aqueous samples were each extracted by 3-µl toluene drops for 20 min at a 
stirring speed of 600 rpm. All the PAHs exhibited good linearity, correlation 
coefficients (r2) of pyrene,  chrysene, benzo[b]fluoranthene and benzo[a]pyrene  
were 0.9916, 0.9903, 0.9878  and 0.9921, respectively.  
      In order to investigate the precision of static LPME, the study on 
reproducibility was carried out by extracting a spiked water sample containing 
10-50 µg/l of the PAHs for six times. The relative standard deviations (RSDs) of 
pyrene, chrysene, benzo[b]fluoranthene and benzo[a]pyrene were 5.5%, 4.7%, 
8.9% and 9.0%, respectively. The RSDs are satisfactory compared to typical 
results in SPME (RSDs between 1.8% and 14.4%) [120], and are acceptable for 
analysis of trace pollutants in environmental samples. Certainly, the precision 
can be improved if the plunger is manipulated based on automated instrument 
control but not based only on visual inspection when the organic drop is 
withdrawn back into syringe after sampling is completed. 
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      In addition, enrichment of four PAHs compounds by over 180-fold was 
achieved within 20 min. at a stirring speed of 600 rpm. Under this condition, the 
limits of detection (signal-to-noise ratio = 3) were 1 µg/l for pyrene, 2 µg/l for 
chrysene and benzo[b]fluoranthene, and 3.5 µg/l for benzo[a]pyrene . 
2.3.1.6 Extraction of PAHs in river water and tap water by   
static LPME 
 
      River water and tap water from our laboratory were analyzed by static 
LPME under optimized condition combined with HPLC. The optimized condition 
for static LPME is as following: extraction solvent, toluene; organic solvent drop 
size, 3-µl; stirring speed, 600 rpm; extraction time, 20 min. The results for tap 
water showed that it was free of PAH contamination. In the river water sample 
analyzed by static LPME, chrysene and benzo[b]fluoranthene were detected 
(Figure 2-7A) and their presence was confirmed by spiking the two PAHs in the 
river water and reanalyzing it (Figure 2-7B). The standard addition method was 
used for quantification. The concentration of chrysene and benzo[b]fluoranthene 
in the river water were determined to be 2.42 µg/l and 2.18 µg/l, respectively.  
      Both types of water were spiked with PAH standards at various 
concentration to assess matrix effects. Because LPME is a non-exhaustive 
extraction procedure like SPME, relative recoveries, defined as the ratio of 
HPLC peak areas of the respective spiked water (tap water and river water) 
LPME extracts to spiked Milli-Q water LPME extract [121], were calculated to 
evaluate their effects. The experiments were repeated three times. Results of 
relative recoveries and RSDs of tap water and river water are shown in Table 
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2-2. The data showed that for the target PAHs, the relative recoveries were 
higher than 90% except for benzo[b]fluoranthene (88.7%) in tap water. This 
means that the tap and river water matrices had little effect on static LPME.  
 
 
Figure 2-7 Extraction of river water sample by static LPME under optimized conditions.  A): river 
sample. B): standard addition of 0.5 ml 2.0 mg/l standard solution to 50 ml river sample. Peaks: 
1=pyrene, 2=chrysene, 3=benzo[b]fluoranthene, 4=benzo[a]pyrene.  
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Table 2-2 Summary of results of analysis of PAHs in spiked samples after static LPME  
Tap water a 
 
River water c  
 










97.9 6.4 95.8 7.8 
Chrysene 
 
92.8 5.8 NCd NCd 
Benzo[b]fluoranthene 
 
88.7 9.3 NCd NCd 
Benzo[a]pyrene 
 
101.9 9.9 96.7 11.7 
aWater samples containing 10 µg/l of each analyte.  
bn=3. 
cWater samples containing 100 µg/l of each analyte.  
dNot considered since they were detected in river water.     
 
2.3.2 Dynamic LPME in trace analysis of PAHs in drain 
water 
2.3.2.1 Selection of extraction solvent  
 
      Six PAHs comprising fluoranthene, pyrene, chrysene, benzo[b]fluoranthene, 
benzo[k]fluoranthene and benzo[a]pyrene were investigated. The distribution 
coefficient and selectivity are the most important parameters that govern solvent 
selection.  The distribution coefficient (K) for a component is defined as the ratio 
of concentration of the component in solvent phase to that in aqueous phase.  
Selectivity can be defined as the ability of the solvent to pick up the desired 
component in the feed as compared to other components.  The desired 
properties of extraction solvents are a high distribution coefficient, good 
selectivity towards solute and little or no miscibility with feed solution.  Also, the 
solvent should be easily recoverable for recycle. Other factors affecting solvent 
selection include stability and compatibility with product. Dichloromethane, 
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chloroform, toluene and benzene were thus compared in the extraction of six 
PAHs. The enrichment factor for extration of fluoranthene with dichloromethane, 
chloroform, toluene and benzene was 130, 170, 80 and 55, respectively. 
Although the chloroform drop was unstable in static LPME mode (see above 
discussion), it was well protected by the syringe in dynamic LPME mode and 
gave the best results for all target PAHs in dynamic LPME. This is probably 
because the solubility of PAHs is relatively higher in chloroform or chloroform is 
most compatible with target PAHs among all extraction solvents.  
2.3.2.2 The volume of extraction solvent 
 
      In this experiment, a range of 1-7 µl of organic solvent was tested. HPLC 
signals generally increased with the volume of extraction solvent. The HPLC 
signals increased marginally for drop size beyond 5 µl (Figure 2-8). This 
suggests that when 5 µl was used the amount of analytes extracted was near 
the maximum.  
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Figure 2-8 Effect of extraction solvent volume on the extraction efficiency (dynamic LPME). 
Sampling volume: 10 µl 
 
2.3.2.3 Syringe plunger movement 
 
      The effect of the syringe plunger movement on extraction was then 
investigated. In the dynamic LPME process, the extraction was performed by 
automatically manipulating the plunger movement repeatedly in and out of the 
microsyringe barrel. Each cycle of the extraction includes withdrawing and 
discharging of aqueous sample and two pauses in-between (dwell time). Dwell 
time means the total time that the aqueous sample plug remains within the 
microsyringe in one sampling cycle. The analytes were extracted rapidly from 
the aqueous sample to the organic solvent when the plunger was in motion. 
The plunger movement speed (sampling volume/withdrawal time = sampling 
volume/discharge time), and the dwell time between plunger movement on 
extraction efficiencies were studied. Using a 10-µl sampling volume (i.e. volume 
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of aqueous sample), and setting the plunger movement speed at 1.33 µl/s (that 
is, the fastest speed the instrument could operate automatically), we carried out 
separate experiments in which the dwell time was varied. For all the 6 PAHs, it 
is clear that increase of the dwell time from 1-5 s had no significant influence on 
improving extraction efficiency. This result is in agreement with that observed 
previously (when the plunger was operated manually [50]. With the dwell time 
fixed at 1s, we carried out separate experiments in which the plunger 
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Figure 2-9 Effect of plunger movement speed on extraction efficiency (dynamic LPME). Sampling 
volume: 10 µl, dwell time: 1s. 
 
      The HPLC peak area decreased (for fluoranthene and pyrene) or showed 
no variation (for chrysene, benzo[b]fluoranthene, benzo[k]fluoranthene, 
benzo[a]pyrene)  along with the decrease in plunger movement speed. It is 
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possible that more of the analytes would be extracted if the plunger movement 
speed could be improved further.  As mentioned above, 1.33 µl/s was the 
fastest speed at which the instrument could be operated automatically.  We 
therefore selected 1.33 µl/s as plunger movement speed and a dwell time of 1s 
for subsequent work.  
2.3.2.4 Sampling volume  
 
      The sampling volume refers to the volume of the aqueous sample plug 
(Vasp) that is drawn into the microsyringe in each cycle. The influence of Vasp on 
extraction was studied by varying the sampling volumes for the extraction of 
chrysene from 4 µl to 20 µl. The peak area increased linearly with Vasp (Figure 
2-10). All other compounds showed the same trend. Since 20 µl was the 
maximum capacity of the syringe, it was selected as the sampling volume. The 
effect of the number of samplings in dynamic LPME was then studied. It has 
been previously [40] shown that there is a linear relationship between analyte 
concentration in the organic plug and number of samplings (n) when n is 
relatively small. In this work, similar linear relationships were observed between 
the peak area of the analytes and the number of samplings (n=5-40). In 
dynamic LPME, the repeated movement of the plunger resulted in the constant 
renewal of the organic film and aqueous sample plug. With an increased 
number of samplings, more of the analytes are ultimately extracted into the 
organic plug in the microsyringe. It was straightforward to sample many times 
automatically, in contrast to the manual method used previously [50]. Thus, a 
sampling number of 40 was easily accomplished, given the automation that was 
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made possible by using the syringe pump. Although extraction time increased to 
about 20 min, it was acceptable due to the great enhancement in the 
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Figure 2-10 Sampling volume profile for chrysene by dynamic LPME  
 
2.3.2.5 Effect of salt on the extraction  
 
      The matrix in which the extraction takes place has a great influence on the 
equilibrium of analyte between aqueous and organic phases. The factors relating 
to the matrix affecting extraction rate include salt concentration, organic content 
and pH etc. In this work, the influence of sodium chloride (NaCl) concentration in 
the sample matrix was investigated. The experiments were carried out by varying 
the concentration of NaCl in the sample solution in the range of 20-250 mg/ml.  
No enhancement of extraction was found across this concentration range. On the 
contrary, for fluoranthene and pyrene, the extraction efficiency remained nearly 
constant at low concentrations of NaCl (~20 mg/ml). When more salt was added 
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to the sample (>50 mg/ml), a decrease in extraction was observed (Figure 2-11). 
For the other four analytes, the extraction efficiency remained nearly constant at 
all investigated concentrations. Conflicting reports of the influence of salt on both 
SPME and other modes of LPME have also been reported previously. In some 
SPME work [122], addition of salt significantly improved extraction efficiencies.  
In our LPME, the detrimental effect of LPME maybe because of salting out which 
is effectively decreasing the solubility of target PAHs in solution still more, 
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Figure 2-11 Effect of salt strength on the extraction of PAHs by dynamic LPME 
 
2.3.2.6 Temperature  
 
      Temperature as an extraction parameter has been exploited for conventional 
LLE [123]. In our study, experiments were carried out with sample solutions at 
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25°C (room temperature), 40°C and 60°C (Figure 2-12). The extraction efficiency 
was improved at 40°C. This may be because high temperature increases solvent 
strength, accelerates the mass transfer between the organic film (OF) and 
aqueous sample plug (ASP) and therefore improves extraction efficiency. 
Experiments were also performed at 60°C. However, no significant improvement 
of extraction efficiency was observed at this temperature compared to that at 
40°C. This may be because the extraction solvent (chloroform) has a boiling point 
of 61°C and it was beginning to suffer evaporative losses at or possibly below 
60°C. Also, the solubility of the analytes in water increased with increasing 























Figure 2-12 Effect of temperature on the extraction efficiency for PAHs (dynamic LPME). 




2.3.2.7 Linearity, reproducibility and sensitivity 
 
      The linearity of calibration plots was studied over a concentration range of 
1.2-85 µg/l for dynamic LPME. All the PAHs exhibited good linearities, with r2 
values ranging from 0.9908 to 0.9981. Reproducibility was investigated by 
extracting a spiked water sample containing 10-50 µg/l of the PAHs. The 
relative standard deviations (RSDs) were between 4.4% and 6.0% for dynamic 
LPME. In addition, enrichment of six PAHs by over 280-fold was achieved. The 
limits of detection (LODs) at (signal-to-noise ratio = 3) obtained ranged from 
0.35 µg/l to 0.60 µg/l for dynamic LPME. All these results are shown in Table 
2-3. 
Table 2-3  Quantitative result of dynamic LPME on PAHs (n=6) 




5.0 2.2-22 0.45 
Pyrene 
 
6.0 1.2-12 0.60 
Chrysene 
 
4.5 1.7-85 0.40 
Benzo[b]fluoranthene 
 
4.9 5.0-50 0.35 
Benzo[k]fluoranthene 
 
4.4 2.7-45 0.45 
Benzo[a]pyrene 
 
5.6 3.0-50 0.50 
 
2.3.2.8  Extraction of PAHs in drain water and tap water by 
dynamic LPME 
 
      Drain water and tap water from our lab were analyzed by using dynamic 
LPME under optimum conditions combined with HPLC. The optimum conditions 
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for dynamic LPME are as following: extraction solvent, chloroform; organic 
solvent drop size, 5-µl; dwell time: 1 s; plunger movement speed, 1.33 µl/s; 
sampling volume, 20 µl; sampling number, 40.  
The results for tap water showed that it was free of PAH contamination. In the 
drain water analyzed by dynamic LPME, fluoranthene, pyrene, chrysene, 
benzo[b]fluoranthene were detected (Figure 2-13A). Using the same 
quantification method as for static LPME, their concentrations in the drain water 
were determined to be 0.56 µg/l, 1.12 µg/l, 2.38 µg/l and 1.07 µg/l, respectively. 
Figure 2-13B shows the chromatogram of the spiked drain water obtained by 
dynamic LPME. 
      Both types of water were spiked with PAH standards at various 
concentration to assess matrix effects. The experiments were repeated three 
times. Results of relative recoveries and RSDs of tap water and drain water are 
shown in Table 2-4. The relative recoveries for all target PAHs were higher than 




Figure 2-13 Extraction of drain water by dynamic LPME under optimized conditions. A) drain 
sample. B) standard addition of 0.5 ml 2.0 µg/ml standard solution to 50 ml drain sample. 
Peaks:1=fluorathene, 2=pyrene, 3=chrysene, 4=benzo[b]fluorathene, 5=benzo[k]fluorathene, 6= 
benzo[a]pyrene. 
 
Table 2-4 Summary of results of analysis of PAHs in spiked samples after dynamic LPME 
Tap water a Drain water b  










98.9 5.0 NC d 5.8 
Pyrene 
 
99.5 6.0 NC d 6.4 
Chrysene 
 
99.6 4.5 NC d 4.7 
Benzo[b]fluoranthene 
 
99.8 4.9 NC d 5.3 
Benzo[k]fluoranthene 
 
98.8 4.4 95.3 5.0 
Benzo[a]pyrene 
 
98.8 5.6 94.9 5.9 
a Water samples containing 10 µg/l of each analyte. 
b Drain water samples containing 20 µg/l of each analyte. 
c n=3. 
d Not considered since they were detected in drain water.     
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2.4 Conclusions and future research 
 
      We have investigated several important factors that influence the extraction 
efficiency of static LPME and automated dynamic LPME. Both methods need 
only several microlitres of solvent and 3 ml of aqueous samples. The detection 
limits were determined to be 1 µg/l-3.5 µg/l for static mode and 0.35 µg/l-0.60 
µg/l for dynamic mode. Thus, quantifying trace levels of PAHs in water samples 
using either mode of LPME with HPLC is possible. Good linearity, sensitivity 
and relative recoveries were obtained by both LPME modes. 
      Automated dynamic LPME provided higher (>280–fold) enrichment within 
nearly the same extraction time (≈20 min) and better precision (<6.0%) than 
static LPME. Compared to manual dynamic LPME [50], automated dynamic 
LPME is easier to be operated and can yield better precision. Also, the 
enrichment factor is also greatly improved.  
      Both modes of LPME could be applied to real world analysis of aqueous 
samples. Since only 3 ml of samples are needed for extraction, this work can 
potentially be extended to biological samples, for example, blood and urine etc., 
although the problems posed by these more complex matrices need to be 
addressed as well. Also, the salt effect on LPME needs further investigation. 
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Chapter 3 Two-phase hollow fiber-protected 
liquid-phase microextraction technique 
combined with GC/MS 
 
3.1  Introduction 
3.1.1 Gas chromatography  
 
The combination of gas chromatography (GC) for separation and mass 
spectrometry (MS) for detection and identification of the components of a mixture 
of compounds is probably the main instrumentation in the analytical laboratory 
[124, 125]. GC itself is a popular, powerful and easy–to-use analytical tool. 
Different components in the mixtures are separated due to the different 
absorptive interaction between the components in the gas stream and the 
stationary phase. For most GC detectors, identification is based solely on 
retention time on the column. GC suffers from lack of definitive proof of the 
nature of the detected compound as they are separated. MS can clearly identify 
the structure of a single compound by ionizing the injected material and focusing 
these ions and fragmentation products through a mass analyzer, but it is less 
useful when presented with a mixture. GC/MS combines the above two 
components into a single system to separate mixtures into their individual 
components, identifying and then providing quantitative and qualitative 
information on the amounts and chemical structure of each compound. 
      Generally, a GC/MS system consists of an injector, a gas chromatograph, a 
mass spectrometer and a data/control system.  A gas chromatograph includes a 
temperature-controlled oven designed to hold and heat the GC column, carrier 
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gas (usually nitrogen, helium, or hydrogen) and an interface which serves as a 
transfer line to carry the pressurized GC output into the evacuated ion source of 
the mass spectrometer and a sample concentrator by eliminating much of the 
carrier gas. A mass spectrometer system has three basic sections: an ionization 
chamber, the analyzer, and the ion detector. 
      One of the major uses of GC/MS systems is in environmental analysis. For 
most, if not all, analyses of environmental pollutants, a preconcentration and 
clear-up step is needed prior to GC/MS analysis. Many methods have been 
developed such as liquid-liquid extraction (LLE), solid-phase extraction (SPE), 
solid-phase microextraction (SPME) and more recently solvent microextraction 
(SME) or liquid phase microextraction (LPME). These methods have been briefly 
introduced in chapter 1. 
      In this part of our work, two-phase hollow fiber-protected dynamic LPME 
technique combined with GC/MS analysis was developed to determine trace 
pesticides in water (section 3.4.1) and soil (section 3.4.2). A conventional 
microsyringe with a 1.3-cm length of hollow fiber attached to its needle was 
connected to a programmable syringe pump to perform the extraction. The 
microsyringe was used as both the microextraction device as well as the sample 
introduction device for GC/MS analysis. The attached hollow fiber served as the 
“holder” and “protector” of 3 µl of organic solvent. The feature of this technique is 
that the solvent was repeatedly withdrawn into and discharged from the hollow 
fiber automatically by the syringe pump. As discussed in chapter 2, LPME is 
generally used in relatively clean matrixes; there are only few applications of 
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LPME in soil [98, 99].  In this part of our work, SPME technique is also applied to 
the determination of trace pesticides in soil (section 3.4.2) as a comparison with 
two-phase hollow fiber-protected dynamic LPME technique.   
3.1.2 Pesticides in aqueous samples 
 
      The determination of pesticides in the environment has received great 
attention not only because of their toxicity and persistence but also because of 
their universal usage [126]. These compounds represent risks to the 
environment in respect of human health and the well-being of non-target 
species. Hence, the trace analysis of pesticides, for example in aqueous 
samples, represents an important analytical necessity. In order to detect low 
levels of the pollutants, a preconcentration step is needed in general prior to 
instrumental determination. 
      Conventional liquid-liquid extraction (LLE) has been the main method for 
enrichment of organic pollutants from aqueous solutions. It is still being widely 
used. In recent years, many other techniques have been reported for the 
preconcentration of trace organic pollutants from aqueous samples prior to 
analysis, such as flow injection extraction [127], solid-phase extraction [128], 
solid-phase microextraction (SPME) [31] and supported liquid membrane 
extraction [129]. On-capillary enrichment procedure for capillary electrophoretic 
analysis such as field-amplified stacking injection [130] and analyte sweeping 
[131] have also been used. Among these approaches, liquid phase 
microextraction (LPME) [47] which is based on the use of small amounts (e.g. 8 
µl or less) of organic solvent to extract analytes from moderate amounts of 
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aqueous matrices has attracted increasing attention. It has been shown to be a 
viable alternative sample preparation method to conventional LLE [132,133].  
      We have previously reported hollow fiber-protected liquid-phase 
microextraction, also termed as LPME/HF for the analysis of  two PAHs [41]. 
Owing to the porous property of the hollow fiber wall, the interfacial area 
between solvent and aqueous sample was increased, thus enhancing the 
extraction efficiency. Two modes of this technique (static LPME with HF and 
dynamic LPME with HF) were developed and compared. It was observed that 
dynamic LPME/HF that was automated by using a syringe pump could provide 
higher enrichment and better reproducibility. In this part of work, we investigate 
dynamic LPME/HF in more detail, evaluate this method for the extraction of 
“dirty” samples and the application of this procedure has been extended to the 
extraction and analysis of pesticides. A microsyringe with a 1.3-cm length of 
hollow fiber attached to its needle was connected to a syringe pump to perform 
automated extraction. Factors important to extractions such as the most 
suitable organic solvent, plunger movement pattern, stirring rate and extraction 
time were studied. To evaluate the procedure and to demonstrate the protection 
afforded by the hollow fiber, slurry samples were extracted and analysed.  
      The different parameters that can affect the automated dynamic LPME 
process (organic solvent, extraction time, movement pattern of plunger and 
solution stirring rate) were optimized based on data obtained under SIM 
acquisition mode.   
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3.1.3 Extration of soil sample  
 
      The presence of pesticides in the environment has caused great social and 
scientific concern. Traditionally, determination of trace levels of pesticide 
residues in aqueous samples relies on the use of liquid-liquid extraction and 
solid-phase extraction [134, 135]. Recently, SPME has been used for 
determination of pesticides in soil [136-139]. However, SPME fibers can be 
fragile during extraction from soil samples. Usually, the use of SPME to 
determine pesticides in complex matrices (soil samples and food samples, etc.) 
requires some degree of sample clean-up, and membrane-protected SPME has 
also been developed to protect the fiber [140, 141]. Another potential problem 
with SPME is sample carryover between runs when SPME is coupled to GC 
[142].  
      In this part of work, two-phase hollow fiber-protected LPME was used to 
extract trace pesticides from soil samples. The hollow fiber prevented particles 
and large molecules in aqueous soil samples from being extracted. Thus, apart 
from analyte enrichment, the procedure also serves as a clean-up method.  
      Several pesticides in soil were studied by this method. Some important 
extraction factors, such as the portion of organic solvent in the soil-water slurry, 
the extraction solvent selection, extraction time, syringe speed, concentrations of 
humic acid and salt were optimized. Finally, comparison of this method with 
SPME was also performed. The results showed that the procedure is fast, simple 
to operate, and affords a relatively accurate method to determine pesticides in 
soil.   
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3.2  Theory  
3.2.1 Automated two-phase hollow fiber-protected 
dynamic LPME  
       
      Dynamic LPME [40, 50] as previously described provides a fast, simple and 
highly efficient extraction approach. However, it has disadvantages arising from 
its manual operation and its preconcentration capability can still be improved. 
Moreover, the procedure works well for relatively clean matrices; because 
particles in the sample affect the extraction by plugging the microsyringe being 
used as the microseparatory funnel and are potentially detrimental to the 
analytical instrument, dynamic LPME falls short of being a clean-up procedure. 
      In this study, we automated dynamic LPME by using a programmable syringe 
pump so that the procedure could be more precise and easier to operate. Also, 
we connected a 1.3-cm length of hollow fiber on the needle of the microsyringe to 
replace the microsyringe barrel as the microseparatory funnel. There are some 
advantages in using the hollow fiber as a microseparatory funnel. As described in 
the previous study [40, 50], extraction takes place predominantly between the 
aqueous sample plug and the organic film that forms on the inner surface of the 
syringe barrel when the plunger is withdrawn. With the use of the hollow fiber, 
although extraction also takes place between the organic film and aqueous 
sample plug, the organic film forms on both the inner surface and external 
surfaces of the hollow fiber when the plunger is withdrawn as a result of the 
porous property of the hollow fiber, and surface tension [41]. Thus, the organic 
film formed here is thicker than that which forms in the syringe barrel, as 
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described in our previous study. By repeatedly and automatically manipulating 
the plunger in and out of the microsyringe barrel, the thicker organic film would 
be in contact with fresh aqueous sample having the initial analyte concentration. 
The hollow fiber also shows some selectivity because of the pores in its wall so 
that this technique can be used to extract “dirty” matrices such as slurry samples 
whilst preventing the co-extraction of extraneous materials.   
3.2.2 Solid-phase microextraction 
 
      Solid-phase microextraction (SPME) utilizes a 1-cm long and 0.11-mm outer 
diameter fused silica rod, coated with an absorbent polymer. The fiber is made of 
the same type of chemically inert fused silica used to make capillary GC columns 
and is very stable even at high temperatures. The commercial SPME device is 
similar to a microsyringe [143, 144]. It is a simple and effective adsorption- and 
desorption-based extraction technique, which eliminates the need for solvents or 
complicated apparatus for concentrating analytes from samples. 
      SPME consists of two processes: (1) analytes partition between the sample 
and the fiber coating; and (2) the concentrated analytes are desorbed from the 
coated fiber and channeled to an analytical instrument. For the first step, if the 
extraction time is long enough, a concentration equilibrium is established 
between the sample matrix and the extraction phase. SPME is not an exhaustive 
extraction technique. 
      Different types of sorbents will generally extract different groups of analytes; 
therefore, many different fiber coatings have been developed. A fiber is chosen 
based on its selectivity for certain target analytes and their volatility ranges. 
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Nonpolar coatings such as poly(dimethylsiloxane) retain hydrocarbons very well. 
In contrast, polar fiber coatings such as polyacrylate and Carbowax extract polar 
compounds very effectively.  In this part of our work (see 3.4.2), 85-µm-thick fiber 
coated with polyacrylate adsorbent was used since most of the target compounds 
considered here were polar.       
3.3  Experimental 
3.3.1 Standards and reagents 
 
      The Accurel Q 3/2 polypropylene hollow fiber membrane (600 µm I.D., 200 
µm wall thickness, 0.2 µm pore size) was purchased from Membrana (Wuppertal, 
Germany).   The pesticides were purchased from different suppliers (Figure 3-1). 
2,5-Dimethylphenol, 4-chlorophenol, 2,3,5-trimethylphenol, molinate and humic 
acid were bought from Fluka (Buchs, Switzerland). Lindane was obtained from 
Polyscience (Niles, IL). 1,2,4,5-Tetrachlorobenzene, pentachlorobenzene and 
hexachlorobenzene were purchased from AccuStandard (New Haven, CT). 
Alachlor, aldrin, allidochlor, chlorpyriphos, dieldrin and heptachlor was bought 
from Supelco (Bellefonte, PA). HPLC-grade methanol, toluene, analytical-grade 
carbon tetrachloride and cyclohexane were from J.T. Baker (Phillipsburg, NJ, 
USA). 1-octanol (>99.5%) and n-hexane were obtained from Merck (Darmstadt, 
Germany). Deionized water was produced on a Nanopure (Barnstead, Dubuque, 
IA, USA) water purification system.   
      Stock solutions (0.1 mg/ml of analyte) were prepared separately in methanol. 
They were stored at 4°C. A fresh standard sample was prepared by spiking 
deionized water with the fourteen analytes at known concentrations (5-100 µg/l) 
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every week during the study of extraction performance under different conditions, 
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Figure 3-1 Structures of various classes of pesticides 
 
      The water samples (1.0 L) were collected from a pond situated in a golf 
course. The water samples were filtered through a Whatman (UK) filter paper 
and a 0.45-µm membrane (Millipore) to eliminate particulate matter and then kept 
at room temperature (25°C, 24 h) for homogenization. The samples were filtered 
again prior to extractions.  
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3.3.2 Soil sample preparation 
 
      The soil was sampled from the western region of Singapore. The soil was air-
dried, pulverized, sieved to a grain size of 1 mm sequentially. 25% wt. of the 
particle size was below 250 µm, whereas the soil pH was measured to be 5.8 (1 
g soil in 5 ml water) [145]. The organic matter content was 5.45%. The blank 
extractions of soil samples were made to confirm that there were no peaks at the 
retention times of target pesticides. Each pesticide was dissolved in methanol to 
obtain a standard solution with a concentration of 1.0 mg/ml. The solutions were 
stored at 4°C.  Standard solutions at different concentrations containing the 8 
pesticides were prepared in methanol once every week and also stored at 4°C. 
The standard solutions were added to the non-polluted soil (30 g) to make soil 
samples of several different concentrations. The bulk of the solvent was slowly 
evaporated at room temperature by thorough manual shaking. 
      The soil samples were allowed to dry in air in a fume hood for 24 h. 1 g 
samples of soil to which were added different ratios of acetone and water (4 ml 
total), serve as soil samples for extractions. Soil samples were ultrasonicated for 
5 min and stirred at 1000 rpm for 40 min before extraction. During all the 
following liquid-phase microextraction experiments, the soil samples were stirred 
slowly. 
3.3.3 GC/MS analysis     
       
All analysis was performed on a Shimadzu (Tokyo, Japan) QP5000 GC/MS 
system. The GC was fitted with DB-5 column (30 m x 0.32 mm I.D., 0.25 µm film 
 72
thickness) from J&W Scientific (Folsom, CA, USA). Helium was used as the 
carrier gas at a flow rate 1.5 ml/min. The following temperature programme was 
employed: initial temperature of 80°C for 4 min; increase at 10°C/min to 150°C, 
held for 1 min; then another increase at 5°C/min to 200°C; yet another ramp 
30°C/min to 290°C, held for 5 min. The injector temperature was 250°C and all 
injections were made in splitless mode. The detector was scanned over the 
range m/z 50-500 to confirm the retention times of the analytes. For 
determination of the pesticides, selected ion monitoring (SIM) was performed. To 
confirm pesticide ions tentatively identified by SIM, one characteristic fragment 
ion was monitored in addition to the molecular ion (see Table 3-1). The interface 
temperature was 270°C. Chromatographic windows are defined to increase the 
sensitivity of the MS determination. The external standard method was used for 
quantitative analysis of spiked water samples whereas the pond and slurry 
samples were analyzed based on standard addition.  
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Table 3-1 Elution order, molecular weight and characteristic ions used for 








used for GC/MS-SIM 
analysis (m/z) 
 
1 2,5-Dimethylphenol (DMP) 
 
122.2 - 122, 107 
2 4-Chlorophenol (CHL) 
 
128.6 27000 128, 136 
3 2,3,5-Trimethylphenol (TMP) 
 
136.2 762 136, 121 
4 Allidochlor (ALL) 
 
173 - 173, 138 
5 1,2,4,5-Tetrachlorobenzene (TCB) 
 
215.9 0.606 216, 214 
6 Pentachlorobenzene (PCB) 
 
250.3 0.562 250, 248 
7 Molinate (MOL) 
 
187.3 880 187, 126 
8 Hexachlorobenzene (HCB) 
 
284.8 0.005 284, 286 
9 Lindane (LIN) 
 
290.8 10 290, 181 
10 Heptachlor (HEP) 
 
374 0.056 374, 272 
11 Alachlor (ALA) 
 
269.8 242 269, 160 
12 Aldrin (ALD) 
 
365 0.025 363, 263 
13 Chlorpyriphos (CHL) 
 
350.6 2 349, 197 




      A 10-µl microsyringe with a cone needle tip (SGE, Sydney, Australia) was 
used for extraction. It was used together with a Harvard Apparatus (Holliston, 
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MA, USA) PHD 2000 programmable syringe pump. The hollow fiber was 
ultrasonically cleaned in acetone and dried before use. It was cut into 1.3-cm 
segments for extraction. The approximate internal volume of this segment was 
~3 µl which was suitable for the amount of extraction solvent used in this work. 
 
 
Figure 3-2 Set up of hollow fiber-protected solvent microextraction 
       
3.3.5  Extraction procedures 
3.3.5.1  Two-phase hollow fiber-protected dynamic LPME     
 
      The syringe pump was first programmed based on: (i) refill speed; (ii) 
sampling volume (the volume of organic solvent withdrawn into the hollow fiber); 
(iii) dwell time (length of time the organic plug remain in the hollow fiber);  (iv) 
infusion speed; (v) sampling volume (the volume of organic solvent infused into 
the microsyringe); (vi) dwell time (length of time the aqueous plug remain in the 
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hollow fiber; (vii) restart. Briefly, automated dynamic LPME consists of the 
following sequence: (1) 3 µl of organic solvent (typically toluene) was manually 
withdrawn into the microsyringe followed by an equal volume of water. The 
needle tip was inserted into the hollow fiber and the assembly was immersed in 
the organic solvent for about 5 seconds to impregnate the pores of the hollow 
fiber with the organic solvent. Then, while the fiber remained immersed in the 
organic solvent, the water in the syringe was injected to flush the hollow fiber in 
order to remove excess organic solvent from the inside of the fiber; (2) The fiber 
needle was removed from the organic solvent and subsequently immersed in 4 
ml of aqueous sample. The organic solvent in the syringe was then injected 
completely into the hollow fiber; (3) The microsyinge was connected to the 
syringe pump and the pump programme was activated; (4) After extraction, the 
syringe containing the 3-µl analyte-enriched solvent was injected directly into the 
GC/MS for analysis. For the extraction of a soil sample, in order to eliminate the 
possibility that the extraction solvent may be contaminated by soil particles, about 
1-µl of analyte-enriched extract was discarded and the remainer (2-µl) was 
injected directly into the GC/MS for analysis.  
3.3.5.2  Solid-phase microextraction 
 
      Experiments were performed using a manual SPME device (Supelco Inc., 
Bellefonte, PA, USA) equipped with 85-µm-thick fiber coated with polyacrylate 
adsorbent. The fiber was conditioned according to the supplier’s 
recommendation. A 1 g soil sample added with 5% acetone and 95% water (4 ml 
in total) was used for every extraction. The soil sample was then ultrasonicated 
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for 5 minutes and was stirred for 40 minutes before extraction. The aqueous soil 
sample was extracted for 30 min at a stirring rate of 1000 rpm. After extraction, 
thermal desorption was performed in the GC injector at 280 ºC for 3 minutes.  
3.4  Results and discussion 
3.4.1 Determination of pesticides in pond water and 
slurry sample by two-phase hollow fiber-protected LPME     
       
      Extraction performance was determined by enrichment factor, the ratio of 
peak area of any single analyte attained with extraction and that without 
extraction. 
3.4.1.1  Selection of the organic solvent 
 
      The extraction solvent must be compatible with the fiber so that the pores in 
the wall of fiber can be filled completely. Also, the extraction solvent must be 
immiscible with water and has low volatility (for GC analysis). Based on these 
considerations, 1-octanol, n-hexane and toluene were investigated. In these 
experiments, 3-min extractions from 25 µg/l standard solutions with the fastest 
syringe speed (0.5 µl/s) and dwell time at 5 s were performed. n-Hexane gave 
low enrichment factor (EF) for target analytes (the highest was approx. 30). For 
most target analytes, 1-octanol gave similar EF as toluene, but its GC behavior 
was not satisfactory and there were too many unidentified peaks even under SIM 
mode. Possibly, the batch of 1-octanol we used was not sufficiently pure. Since 
toluene could enrich most target analytes ca. 100-fold, peaks were well resolved 
in SIM mode and it was easily immobilized in the fiber, it was chosen as the most 
suitable extraction solvent.  
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3.4.1.2 Selection of the number of samplings (extraction cycles)  
 
      This study was carried out by varying the number of samplings in the range of 
5 to 45. The other experimental  parameters  were  the  same  as  for  the 
optimization of the extraction solvent (Table 3-2). Like SPME, dynamic LPME is a 
process dependent on equilibrium rather than exhaustive extraction. The amount 
of analyte extracted at a given time depends upon the mass transfer of analyte 
from the aqueous phase to the organic solvent phase. From the results obtained 
from studying the optimum number of samplings it can be seen that the effect of 
this parameter varies for the different pesticides. The number of samplings 
chosen in this study was 10 since under these conditions the peak area of every 
pesticide had a maximum value and also precision was better than that under 
longer extraction times. The reason that analyte was lost with increasing 
extraction cycles is that some of the extraction solvent was lost as a result of 
dissolution when the hollow fiber with solvent was immersed in the water sample 
over the prolonged extraction time. Since only a small volume of organic solvent 
was used in our method, this effect of solvent depletion was more severe with 
increasing extraction cycles.  
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Table 3-2 Effect of varying number of samplings to relative GC/MS signals of pesticidesa  
 
Sampling number (n) Compound b 
n=5 n=10 n=15 n=30 n=45 
TCB 100 745 138 53 127 
PCB 100 650 131 54 108 
HCB 100 677 130 66 71 
HEP 100 1615 300 112     248 
ALD 100 582 123 64 79 
DIE 100 538 122 61 90 
a Relative GC/MS signals were employed to evaluate the performance of varying number of 
samplings (relative GC/MS signals are defined as the peak area percentage ratios of the extracts 
at different sampling numbers to those when sampling number =5). Water samples were spiked 
at a concentration of 15 µg/l of each analyte. 
b See Table 3-1 for explanation of abbreviations. 
 
3.4.1.3  Selection of the movement pattern of plunger 
 
      In the dynamic LPME process, the extraction was performed by automatically 
manipulating the plunger repeatedly in and out of the microsyringe barrel. Each 
cycle of the extraction includes two pauses between (dwell time), withdrawing 3-
µl of the organic solvent (which was inside the hollow fiber) into the syringe and 
discharging it into the hollow fiber, with fresh aqueous sample going in and out of 
the hollow fiber respectively, at the same time. The analytes were extracted 
rapidly from the aqueous sample to organic solvent (including that immobilized in 
the pores of the porous polypropylene hollow fiber) when the plunger moved. In 
this section, the plunger movement speed (sampling volume/withdrawal 
time=sampling volume/discharge time) and the dwell time between plunger 
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movement on extraction efficiencies were studied. First, setting the plunger 
movement speed at 0.5 µl/s, the dwell time was varied. Results are shown in 
Table 3-3. For all the analytes except 4-chlorophenol and hexachlorobenzene, 
the extraction efficiency was best when dwell time was fixed at 4 s. As the dwell 
time was fixed at 4 s, we carried out separate experiments in which the plunger 
movement speed was varied. The results are shown in Table 3-4. The GC/MS 
peak area decreased with the decrease of plunger movement speed. This can be 
explained by the theory reported before [147]. The relation between the film 
thickness (df) and flow speed (µ) is: 
 df=const x R(µη/τ)K        (3-1) 
where R is the inner diameter of the tube, η is the viscosity of the film-forming 
phase, τ is the surface tension, and K is an empirical constant equal to 1/2 or 2/3. 
So  lowering the plunger  movement   speed  would result  in  a  thinner  film. The    
thinner film becomes the limiting factor for the attainment of equilibrium between 
the organic film (OF) and aqueous sample plug (ASP). It is possible that more 
analyte would be extracted if the plunger movement speed could be improved 
further. 
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Table 3-3 Effect of dwell time to relative GC/MS signals of pesticides a 
Dwell time Compound b 
2 s 3 s 4 s 5 s 6 s 7 s 
DMP 100 81 134 131 47 43 
CHL 100 121 114 192 30 46 
TMP 100 97 149 136 82 53 
ALL 100 80 119 117 61 46 
TCB 100 151 195 117 96 118 
PCB 100 155 212 124 87 134 
MOL 100 91 116 78 50 41 
HCB 100 105 142 84 63 158 
LIN 100 102 158 82 68 52 
HEP 100 107 145 82 63 108 
ALA 100 92 116 85 66 49 
ALD 100 108 147 81 68 131 
CPS 100 108 144 81 58 92 
DIE 100 107 139 85 64 96 
a Relative GC/MS signals were employed to evaluate the performance of different dwell time 
(relative GC/MS signals are defined as the peak area percentage ratios of the extracts at different 
dwell times to those when dwell time =2 s). Water samples were spiked at a concentration of 15 
µg/l of every analyte. 
b See Table 3-1 for explanation of abbreviations. 
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Table 3-4 Effect of syringe plunger speed on relative GC/MS signals of pesticides a 
 
Syringe plunger speed Compounds b 
 0.2 µl/s 0.3 µl/s 0.4 µl/s 0.5 µl/s 
DMP 100(4.2%) 74(4.0%) 96(3.2%) 112(2.9%) 
CHL 100(5.7%) 80(5.5%) 84(4.1%) 359(4.4%) 
TMP 100(3.0%) 73(2.6%) 84(2.0%) 110(1.8%) 
ALL 100(3.3%) 71(2.8%) 75(2.5%) 107(2.1%) 
TCB 100(2.8%) 71(2.5%) 79(1.9%) 121(1.5%) 
PCB 100(2.6%) 74(2.1%) 74(1.6%) 123(1.3%) 
MOL 100(3.5%) 68(2.9%) 89(2.0%) 110(2.2%) 
HCB 100(4.0%) 120(3.3%) 80(2.1%) 205(2.4%) 
LIN 100(6.4%) 64(5.9%) 66(5.0%) 123(5.6%) 
HEP 100(6.9%) 107(6.3%) 84(5.5%) 125(5.1%) 
ALA 100(3.1%) 73(2.8%) 88(2.2%) 117(1.9%) 
ALD 100(7.5%) 151(6.8%) 104(5.9%) 174(6.4%) 
CPS 100(3.8%) 65(3.6%) 72(3.0%) 105(2.7%) 
DIE 100(4.3%) 67(3.9%) 76(3.2%) 110(2.8%) 
a Relative GC/MS signals were employed to evaluate the performance of different syringe plunger 
speed (relative GC/MS signals are defined as the peak area percentage ratios of the extracts at 
different syringe plunger speeds to those when syringe plunger speed = 0.2 µl/s). Water samples 
were spiked at a concentration of 15 µg/l. The experiments were performed in triplicate. RSD was 
shown in table. 
b See Table 3-1 for explanation of abbreviations. 
 
      In our experiments, 0.5 µl/s was the fastest speed at which the PHD 2000 
syringe pump could operate automatically. On the basis of the above study, 0.5 
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µl/s was selected as the plunger movement speed and the dwell time was fixed 
at 4 s for subsequent work.      
3.4.1.4  Selection of the speed of agitation 
 
      Generally, a faster stirring rate can be employed to both accelerate extraction 
and enhance the extraction efficiency since agitation permits the continuous 
exposure of the extraction surface to fresh aqueous sample. Although for 
dynamic LPME, exposure of the extraction surface to fresh aqueous sample is 
mainly brought about by the repeatable movement of the plunger, the agitation of 
aqueous sample also cannot be totally neglected. As seen from Table 3-5, 
extraction efficiency improved with the increase of stirring speed and most of the 
pesticides reached their highest peak areas at 1000 rpm. With extraction at 1250 
rpm stirring, however, the peak area decreased, probably because air bubbles 
were generated and occupied the contact sites on the fiber surface so that the 
amount of analytes extracted into the organic solvent decreased. Thus, 1000 rpm 
was selected for subsequent experiments. From above experiments, the 
optimum conditions were therefore obtained: extraction solvent, toluene; the 
number of samplings, 10; dwell time, 4 s; syringe plunger speed, 0.5 µl/s; stirring 







Table 3-5 Effect of stirring speed  to relative GC/MS signals of pesticides a  
 
Stirring speed Compound b 
  0 rpm 300 rpm 500 rpm 700 rpm 1000 rpm 1250 rpm
DMP 100   800 1671 1784 2636 1587 
TCB 100   673 1002 1161 1627 1531 
PCB 100   836 1228 1587 1969 1936 
MOL 100 1345 3683 4068 6529 5739 
HCB 100   641 1065 1359 9298 1509 
HEP 100   947 1133 1994 1499 1620 
ALD 100 1141   849 1749   900 1075 
DIE 100   877   761 1478 1148 1191 
a Relative GC/MS signals were employed to evaluate the performance of different stirring speed 
(relative GC/MS signals are defined as the peak area percentage ratios of the extracts at different 
stirring speed to those when stirring speed = 0 rpm). Water samples were spiked at a 
concentration of 15 µg/l. 
b See Table 3-1 for explanation of abbreviations 
 
3.4.1.5  Method evaluation 
 
      Under optimum conditions, we investigated the performance of the method 
(Table 3-6). The maximum enrichment factor can reach as high as 490. The good 
linearity of response lay in the range of 1 to 100 µg/l and the coefficients of 
variation, r2, were higher than 0.9901. LODs calculated at S/N=3 under SIM, 
ranged between 0.01 to 5.1 µg/l. In comparison with literature values [148, 149] 
relating to the solid-phase microextraction of pesticides in water, automated 
dynamic LPME provided relatively lower LODs except for heptachlor and 
chlorpyriphos. 
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DMP 80 1-50 0.9925 4.0 91.5 0.6 -d 
CHL 30 1-50 0.9917 9.8 92.3 3.2 -d 
TMP 200 1-50 0.9909 3.1 91.9 0.7 -d 
ALL 80 10-100 0.9954 4.2 90.8 5.1 -d 
TCB 180 1-50 0.9991 3.1 94.9 0.02 -d 
PCB 186 2-100 0.9987 3.0 93.6 1.4 -d 
MOL 200 2-50 0.9992 4.6 92.8 1.2 -d 
HCB 190 2-100 0.9984 4.9 95.4 0.8 -d 
LIN 294 5-100 0.9996 8.7 96.7 1.5 200e 
HEP 270 10-50 0.9901 7.9 92.7 5.1 3.8e 
ALA 340 2-50 0.9992 3.0 91.5 0.01 0.02f 
ALD 212 10-100 0.9913 9.0 94.2 2.2 4.5e 
CHL 490 5-100 0.9997 5.0 95.6 1.4 0.04f 
DIE 320 1-50 0.9996 4.7 NCg 0.02 0.06e 
aSee Table 3-1 for explanation of abbreviations. 
bWater samples containing 10 µg/l of each analyte. 
cLODs of automated dynamic LPME calculated from S/N=3. 
dNot available. 
eLODs of SPME with 100-µm PDMS fiber of water sample. (Ref. 139) 
fLODs of SPME with 100-µm PA fiber of water sample. (Ref. 140) 
gNot considered since it was detected in pond water. 
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     The reproducibility of the method was determined by performing six 
extractions for deionized water containing concentrations of 10 µg/l of each 
pesticide. RSDs of fourteen pesticides were lower than 5.0% except for 4-
chlorophenol (9.8%), lindane (8.7%), heptachlor (7.9%) and aldrin (9.0%). The 
good reproducibility could be explained by the automated extraction. The other 
reason for the good precision could be that the protection offered by the hollow 
fiber eliminated to a large extent the effect of the matrix on the extraction. Figure 
3-3 shows chromatograms obtained under the optimum conditions. 
 
Figure 3-3 Extract of deionized water sample (spiked with 20 µg/l of each compound) by 
automated hollow fiber-protected dynamic LPME with GC/MS analysis. Only dieldrin (peak 14) 
was detected in pond water. The height of peak 5 is taken as 100% relative intensity. Other peak 
identities: 1) 2,5-Dimethylphenol; 2) 4-Chlorophenol; 3) 2,3,5-Trimethylphenol; 4) Allidochlor; 5) 
1,2,4,5-Tetrachlorobenzene; 6) Pentachlorobenzene;     7) Molinate; 8) Hexachlorobenzene; 9) 
Lindane; 10) Heptachlor; 11) Alachlor; 12) Aldrin; 13) Chlorpyriphos. GC/MS conditions: see 
Experimental section. 
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3.4.1.6  Analysis of pesticides in pond water and slurry samples   
 
      The performance of the method for real samples was tested for pond water 
and slurry samples. The sample of pond water was analysed after LPME and 
under SIM mode. Dieldrin was detected, and the result was confirmed by spiking 
the pesticide into the water which was reanalysed. The concentration of dieldrin 
was determined to be 0.2 µg/l by the standard addition method. Pond water was 
also spiked with the pesticides to assess matrix effects. The relative recoveries of 
all pesticides from the spiked sample were higher than 90%, as shown in Table 
3-6. It is clear that this method is applicable to real world aqueous samples. In 
order to check the ability of the method to extract analytes from “dirty” samples, a 
slurry mixture of soil and water at 40 mg/ml containing the target pesticides was 
investigated. The experiment conditions were the same as the above optimum 
conditions except that a lower stirring speed (700 rpm) was used. Although it was 
sometimes possible for the extraction solvent to be contaminated by a small 
amount of particles possibly due to the stirring and to the fact that aqueous 
sample was being directly withdrawn into the fiber through its relatively wide-bore 
(600 µm) end, this problem could be largely solved by careful conduct of the 
experiment. As seen from Table 3-7, our method gave good linearity, all the 
values were higher than 0.9914 except for 2,3,5-trimethylphenol (0.9807). The 
precision was also satisfactory. The RSDs for the seven pesticides were lower 
than 7.0% except for 2,3,5-trimethylphenol (9.0%) and 1,2,4,5-
tetrachlorobenzene (11.9%). The good precision obtained was as a result of a 
new hollow fiber and fresh solvent being used for each extraction which 
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eliminated carryover errors. This clean up technique is rapid and easy to use for 
the analysis of slurry samples.  
 


























a See Table 3-1 for explanation of abbreviations. 
3.4.2 Determination of pesticides in soil by two-phase 
hollow fiber-protected LPME and GC/MS    
       
      Extraction performance was determined by peak area of any single analyte 
attained with extraction and that without extraction. 
3.4.2.1  Selection of extraction solvent 
 
      In our experiments, toluene, 1-octanol, carbon tetrachloride and cyclohexane 
were tested as extraction solvents. The extraction was performed by using a 4-ml 
aqueous soil sample containing the eight pesticides at a concentration of 0.5 
µg/g, over an extraction time of 3 min. Toluene gave the best extraction result 
among the four extraction solvents in terms of analyte peak areas (Figure 3-4). 
This may be due to the strong compatibility between solvent and analytes 
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(principle of like attracts like). Carbon tetrachloride and cyclohexane could only 
enrich some target pesticides with poor preconcentration factors. 1-octanol gave 
similar extraction results as toluene but only for some pesticides. Therefore, 
toluene was selected as extraction solvent.    
 
                                        
                                        
                                        
                                        
                                        
                                        
                                        

















Figure 3-4 Effect of extraction solvent on LPME efficiency (n=3). Plunger movement speed: 0.5 
µl/s; dwelling time: 2 s. Abbreviations: DMP: 2,5-Dimethylphenol; TMP: 2,3,5-Trimethylphenol; 
TCB: 1,2,4,5-Tetrachlorobenzene; PCB: Pentachlorobenzene; MOL: Molinate; HCB: 
Hexachlorobenzene; LIN: Lindane; ALA: Alachlor.  
 
3.4.2.2  Effect of extraction time 
 
      Extraction time profiles were studied by extracting aqueous soil samples 
containing 0.5 µg/g of each pesticide. The peak area counts were plotted as a 
function of extraction time (Figure 3-5). As seen from Figure 3-5, most pesticides 
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investigated can reach the greatest response in 4 minutes. LPME is a process 
dependent on equilibrium rather than exhaustive extraction [41]. The extraction 
equilibrium was established very fast in this method. The fast extraction also 
ensured that no soil particles contaminated the extraction solvent, since under 
prolonged extraction the potential of particles setting into the hollow fiber via the 
unsealed end was very high. After 4 minutes, LPME efficiency was decreased 
because a part of analyte extracted probably was lost with the diluted toluene.  

























Figure 3-5 Effect of extraction time on LPME efficiency. Plunger movement speed: 0.5 µl/s; 
dwelling time: 2s. See Figure 3-4 for explanations of abbreviation. 
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3.4.2.3 Effect of the movement pattern of the plunger on the 
extraction  
 
      In our LPME process, the extraction was performed by automatically 
manipulating the plunger repeatedly in and out of the microsyringe barrel. Thus, 
fresh organic film and the aqueous soil sample plug were involved in every 
extraction cycle. This is an advantage of this method. Each cycle of the extraction 
included the following sequence: (1) 3-µl organic solvent (inside the hollow fiber) 
was withdrawn into the syringe, simultaneously with a fresh aqueous soil sample 
aliquot being withdrawn into the hollow fiber; (2) dwell time; (3) the 3-µl organic 
solvent was discharged into the hollow fiber, simultaneously with the fresh 
aqueous soil sample being discharged from the hollow fiber; (4) dwell time; (5) 
The cycle was repeated. The plunger movement speed (sampling 
volume/withdrawal time=sampling volume/discharge time) and the dwelling time 
between plunger movement on extraction efficiencies were studied. First, with the 
plunger movement speed set at 0.5 µl/s, the dwell time was varied to extract 
aqueous soil samples containing 0.5 µg/g of pesticides. Results are shown in 
Figure 3-6. For most of the analytes (except hexachlorobenzene), the extraction 
efficiency was optimum when dwell time was fixed at 4 s. With the dwell time 
fixed at 4 s, we carried out separate experiments in which the plunger movement 
speed was varied. Peak areas, as measured by GC/MS, increased with the 
increase in plunger movement speed. Since 0.5 µl/s was the fastest speed at 
which the instrument could operate automatically, it was selected as the plunger 



















Figure 3-6 Effect of dwell time on LPME efficiency. Extraction time: 4 min. See Figure 3-4 for 
explanations of abbreviations. 
 
3.4.2.4 Effect of the organic solvent content in aqueous soil 
samples on LPME efficiency 
 
      It was found that when only water was added to the soil sample, it was 
difficult to extract the pesticides. In order to facilitate the release of the pesticides 
from the soil matrix, methanol and acetone were added separately to the water-
soil slurry at proportions ranging from 20% to 50%, and the extraction evaluated. 
When methanol was added to the soil matrix, there was no significant increase in 
extraction efficiency. However, the addition of acetone enhanced the extraction 
from the soil sample (Figure 3-7). This might be because acetone could efficiently 
displace the pesticides from the soil active sites and into the water. When 
acetone (40%) was added to the soil sample, the extraction efficiency was 
significantly enhanced for most analytes except molinate and 
pentachlorobenzene. Nevertheless, since 40% acetone was optimum for most 
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Figure 3-7 Effect of acetone composition on LPME efficiency. Spiked concentration of each 
analyte, 0.5 µg/g. See Figure 3-4 for explanations of abbreviations. 
 
3.4.2.5  Effect of humic acid concentration on LPME efficiency 
 
      The effect of humic acid concentration on LPME efficiency was investigated 
by varying the concentrations in the range of 0 to 150 mg/l (Figure 3-8). It was 
found that the extraction efficiency decreased but not very significantly, with 
increasing salt concentration of humic acid. For SPME [149], when the 
concentration of humic  acid  in  solution  was  over 100 mg/l, the extraction 
efficiency decreased significantly. This may be because the micropores of the 
hollow fiber excluded high molecular weight interfering compounds from 
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contaminating the extracting solvent. For SPME, the extraction is probably 





















Figure 3-8 Effect of humic acid concentration on LPME. Spiked concentration of each analyte, 
0.5 µg/g . See Figure 3-4 for explanations of abbreviations. 
3.4.2.6  Effect of salt concentration on LPME efficiency 
 
      The effect of salt concentration on LPME efficiency was investigated by 
varying the concentration of sodium chloride (NaCl) from 10% to 30% (Figure 3-
9). The effect was basically negative for all analytes. For MOL and TMP, the 
extraction efficiencies decreased significantly with increasing concentration. For 
other analytes, the extraction efficiencies decreased more gradually. It was also 
observed that soil particles were easily drawn into the syringe when the 
concentration of NaCl was ca. 20%. Based on the above observations, it would 






























Figure 3-9 Effect of NaCl concentration on LPME. Spiked concentration of each analyte, 0.5 µg/g 
. See Figure 3-4 for explanations of abbreviation.  
 
3.4.2.7  Method evaluation 
 
      Linearity, repeatability and relative recoveries. Under the optimum two- phase 
hollow fiber-protected LPME conditions, repeatability, relative recoveries and the 
linearity of the method were investigated. The optimum conditions are: extraction 
solvent, toluene; extraction time, 4 min; dwell time, 4 s; syringe plunger speed, 
0.5 µl/s; organic solvent content in aqueous soil sample, 40% acetone. Table 3-8 
shows all the quantitative results of this method.  
      The repeatability in peak areas was studied for six replicate experiments with 
pesticide concentrations of 0.2 µg/g of each analyte. The relative standard 
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deviations (RSDs) for most analytes were lower than 10% except for DMP 
(12.8%) and HCB 10.8%). The good precision may be due to the fast extraction, 
the use of a new fiber for every extraction and the direct GC/MS injection after 
extraction. The linearity of the method was tested over the range 0.1 to 2 µg/g of 
analytes in soil. The LPME procedure showed a satisfactory linear behavior in 
the tested range, with correlation coefficients ranging between 0.9769-0.9971. As 
seen from Table 3-8, the relative recoveries (defined as the ratio of GC/MS peak 
areas of the respective experimental data to that calculated from the linearity 
formula for the extract at the same spiked pesticide concentration) [73] studied at 
pesticide concentrations of 0.2 µg/g  were in the range of 92.3% to 99.8%.  
 






Linearity RSD (%) 
(n=6) 
DMP 93.7 0.1-2 0.9805 12.8 
TMP 99.8 0.1-2 0.9813 5.9 
TCB 99.1 0.5-2 0.9971 6.7 
PCB 98.6 0.5-2 0.9922 9.3 
MOL 99.4 0.2-2 0.9769 6.1 
HCB 92.3 0.5-2 0.9858 10.8 
LIN 99.4 0.2-1 0.9916 6.4 
ALA 97.2 0.2-1 0.9893 9.2 
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      Precision and limits of detection. Aqueous soil samples (0.5 µg/g of every 
analyte in soil) were studied by the LPME procedure developed, while SPME was 
also performed as comparison in terms of precision and limits of detection 
(LODs). The results are listed in Table 3-9. As seen from Table 3-9, SPME gave 
relatively poor precision, with RSDs ranging from 6.2 to 17.8% for 30-min 
extractions. The reason for this may be that the soil particles and possibly the salt 
in the aqueous soil sample adsorbed on the fiber and seriously affected the 
analysis. In comparison, the precision of LPME in 4-min extraction ranged from 
4.6 to 9.8%. It seemed that the present method was able to overcome the 
problems encountered in direct SPME immersion because of the protection 
afforded by the porous hollow fiber. The small pore size probably allowed the 
hollow fiber to function as a clean-up filter that prevented large molecules and 
particles in the sample matrices from contaminating the organic solvent. Also, a 
new fiber and fresh extraction solvent were used for each extraction. This 
eliminated matrix effects occur frequently with SPME.  The limits of detection 
(LODs), based on a signal-to-noise ratio of 3, ranged from 0.05 µg/g to 0.1 µg/g 
for LPME. SPME gave better LODs (0.01-0.06 µg/g) (30-min extraction) than 
LPME (only ~4 min). This is probably because the analytes were more efficiently 
extracted from the slurry by SPME than by LPME under the experimental 
conditions. Under the conditions explored, the analytes apparently were more 
efficiently extracted by SPME. However, the LPME technique developed a has 
the advantage of a short extraction time (~4 min vs. 30 min for SPME).  With a 4-
min extraction time, SPME would not achieve better LODs than LPME. Also, as 
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mentioned before, the SPME precision is poorer and the fiber cannot be used 
satisfactory for multiple extractions. LPME is characterized by fast extraction, 
easy operation, afford ability and better precision.   
 
Table 3-9 Comparison of extraction of pesticides from aqueous soil sample by LPME and SPME 
(n=4) 
 
Hollowfiber-protected LPME SPME  
Pesticides %RSDs LODs (µg/g) %RSDs LODs (µg/g) 
DMP 9.8 0.07 17.4 0.02 
TMP 5.1 0.05 6.2 0.01 
TCB 5.9 0.1 8.6 0.05 
PCB 8.6 0.05 16.2 0.02 
MOL 4.6 0.08 7.3 0.02 
HCB 9.5 0.1 17.8 0.03 
LIN 5.7 0.09 8.4 0.06 
ALA 8.7 0.09 15.7 0.05 
 
3.4.2.8  Extraction from aged soil sample 
 
      The spiked soil sample (2 µg/g of each analyte in the soil) was capped and 
kept in a desiccator for two months. The final pesticide content of this soil was 
not known due to possible evaporation losses during preparation and prolonged 
storage. This aged soil resembled a real contaminated sample (more so the 
common technique of spiking one spot in the soil matrix just before analysis), 
because the target analytes were in more intimate contact with the soil particles, 
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thus maximizing analyte/matrix interaction [150]. This aged soil sample was 
analyzed after LPME (Figure 3-10). The standard addition method was used for 
quantification. The results are shown in Table 3-10. As seen, all the pesticides 
could be detected by LPME with good precision.  
 
 
Figure 3-10 GC/MS chromatograms of an aged soil sample obtained by LPME. Peaks: (1) 2,5-
dimethylphenol, (2) 2,3,5-trimethylphenol, (3) 1,2,4,5-tetrachlorobenzene, (4) 
pentachlorobenzene, (5) molinate, (6) hexachlorobenzene, (7) lindane, and (8) alachlor. 
Conditions are given in the text. 
 
 




         %RSDs Concentrations (µg/g) 
DMP 10.7 1.4 
TMP 3.9 1.8 
TCB 6.8 0.5 
PCB 9.4 0.3 
MOL 3.2 1.5 
HCB 9.7 0.1 
LIN 4.4 0.9 
ALA 6.5 0.2 
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3.5  Conclusions and future research 
      We have combined the automation of hollow fiber-protected dynamic LPME 
with GC/MS to extract different kinds of pesticides in water, slurry and soil 
sample. Good linearity, sensitivity and relative recoveries were obtained. The 
limit of detection (LOD) for the 14 pesticides extracted from water ranged from 
0.01 µg/l to 5.1 µg/l; most LOD values were under 2.0 µg/l. Compared to manual 
dynamic LPME reported before [50], our automation of dynamic LPME is easier 
to operate and can yield better precision. Up to 490-fold enrichment factor can be 
achieved. In addition, because of the selectivity of the porous hollow fiber, this 
method could be used to extract pesticides from “dirty” matrices. The extraction 
of a slurry sample by this method showed that it was not only a good 
preconcentration technique, but also an excellent sample clean-up procedure. By 
addition of acetone to the soil sample, we could detect pesticides from soil 
samples at low µg/g levels. Automated dynamic LPME is conveniently 
compatible to GC without the need for solvent evaporation and reconstitution of 
analytes before analysis. Also, it can be easily applied to real analysis of small 
volume (eg. 4 ml) of aqueous samples. Further investigations could be directed 
at more complex matrices, such as biological samples (eg. blood, urine, etc.). 
Conditions for improving the LODs could be investigated further (eg. more kinds 
of membrane to be used in LPME). 
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Chapter 4 Three-phase liquid-phase micro-
extraction technique combined with capillary 
electrophoresis 
 
4.1  Introduction 
4.1.1 General remarks of capillary electrophoresis 
 
      Capillary electrophoresis is a relatively more recent separation technique 
compared to HPLC and GC although the basic concepts of electrophoresis have 
been known for a long time [151-152]. The first sophisticated electrophoretic 
apparatus was developed in the 1930s [153]. However, the Joule heating (the 
heating of a conductor by an electric current flowing through it is the primary 
problem of electrophoresis, causing temperature and density gradients, and 
therefore convection that are deleterious to resolution. Many attempts were made 
to perform electrophoresis in free solution without any stabilizing media to 
overcome convection [154-156]. In the early 1980s, the potential of CE was 
demonstrated which could provide extremely high separation efficiency up to 
600,000 theoretical plates [157]. 
      In the years that followed, many subtechniques related to CE were developed 
to meet the demand for powerful separation techniques, such as capillary 
isotachophoresis [158], capillary gel electrophoresis [159], capillary 
isoelectrophoretic focusing [160], and micellar electrokinetic chromatography 
(MEKC) [161]. The addition of charged micelles in the separation buffer makes 
MEKC suitable for separating both charged and neutral analytes, and thus 
greatly expands the applicability of CE. 
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      Initially, CE was developed for the analysis of biochemical and 
pharmaceutical compounds [162-164]. In recent years, an increasing number of 
studies have been reported on the use of CE [165-170] in the separation and 
determination of various pollutants present in the aqueous environment. CE has 
been demonstrated to be a powerful, rapid and efficient separation technique. 
4.1.2 Basic principles of CE 
 
      Electrophoresis is a separation process involving the movement of  
electrically-charged particles at certain velocities in a semi-conducting fluid under 
the influence of an electric field. Compounds are separated because of their 
different migration velocities [171, 172]. 
 v=µE       (4-1) 
where, v is the migration velocity of analyte,  µ is the electrophoretic mobility of 
the analyte, E is the electric field. 
µ is a function of charge and size: 
 µ= v/E=q/6πηr.       (4-2)  
where η is the viscosity of the buffer, q is the number of ionic charges and r is the 
ionic radius. When an uncoated open-tube fused silica capillary is used for 
separation, two electrokinetic actions occur under the influence of the electric 
field. A combination of electrophoresis of the ions and electroosmosis, which 
occurs due to the immovable charge of the capillary walls being effective from the 
basic to weak acid pH range, takes place. Because the electroosmotic flow 
(EOF) in aqueous solution is mostly directed toward the cathode, the sample is 
injected at the anode. The sample components migrate with different migration 
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velocities, anions towards the anode and cations towards the cathode. They are, 
however, all carried through to the detection system, located at the cathode end, 
by the electroosmosis flow, which is higher than the migration velocities of the 
ions [173].   
4.1.3 Different modes of CE 
 
      Different modes of CE can be performed using the same standard CE 
instrument. The origins of the different modes of separation may be attributed to 
the fact that CE has developed from combination of many electrophoresis and 
chromatographic techniques. In general terms, it can be considered as the 
electrophoretic separation of a number of substances inside a narrow tube. 
Depending on different electrophoretic media, the distinct CE modes include: 
      Capillary zone electrophoresis (CZE) 
      Capillary gel electrophoresis (CGE) 
      Micellar electrokinetic chromatography (MEKC) 
      Capillary electrochromatography (CEC) 
      Capillary isoelectric focusing (CIEF) 
      Capillary isotachophoresis (CITP) 
      So far, among these modes, CZE is the most widely used method while 
MEKC is becoming popular in applications because neutral molecules can be 
separated by it. 
      As mentioned, the basic CE mode, CZE, separates electrically charged 
particles based on their differences in their effective mobilities [174]. As the 
electric field is applied, each species begin to migrate according to its own 
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effective mobility independently of the others. Selectivity can be manipulated by 
variation of equilibria between various subspecies of analytes and between 
analytes and buffer constituents. It is mainly applied to charged molecules, 
ranging from simple and small inorganic and organic ions to cells [175, 176]. 
4.1.4 Application of CE to the analysis of drugs and 
pollutants 
 
      CE is well suited to the analysis of pharmaceutical compounds [177]. 
Traditionally, pharmaceutical compounds have been separated by HPLC; 
however, CE has several advantages over conventional HPLC for certain 
applications. CE separations are generally more efficient, faster, require only 
nanoliter injection volumes, and in most cases take place under aqueous 
conditions. Since its introduction, the use of CE for the analysis of drugs has 
been well documented [178-182]. 
      CE also has enormous potential for environmental analyses [183]. Analysis of 
the current literature shows that CE offers superior resolution, great flexibility with 
regard to choice of separation conditions, and better matrix tolerance for 
inorganic ion analysis, compared to HPLC. In many cases, the CE separation 
procedures offer considerable savings in analysis time and eliminate the 
derivatizing step often required in, for example, GC.   
4.1.5 Off-line and on-line concentration techniques for 
capillary electrophoresis 
 
      Despite the advantages and benefits of CE as outlined above, a major 
shortcoming is its low concentration sensitivity. Thus, a sample concentration 
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step is usually needed before analysis if low analyte levels is an issue. Sample 
concentration can be divided into either “off-line” mode, i.e. the sample 
enrichment and separation are performed separately; or “on-line” mode, meaning 
that the sample enrichment and separation can be operated in the same CE 
system. 
      There are several off-line sample concentration methods that have been 
developed and applied for CE including liquid-liquid extraction (LLE) [184], solid-
phase extraction (SPE) [185], supercritical fluid extraction (SFE), solid-phase 
microextraction (SPME) and liquid-phase microextraction (LPME). These 
procedures have been previously introduced in earlier chapters; LPME is, of 
course, the primary focus of this thesis. LPME [186] is an alternative to SPME. 
Only one drop (microliter volume) of organic solvent is used to extract 
compounds from water samples. However, this method is generally always used 
for nonpolar compounds. Based upon the principles of LPME, liquid-liquid-liquid 
microextraction (LLLME) or three-phase LPME was developed [133, 187-189], 
giving a high degree of clean up and enrichment of ionizable and charged 
species. As described earlier, LLLME relies on the use of hollow fiber membrane 
to hold the organic solvent which acts as the barrier between donor phase and 
acceptor phase.       
      In CE, on-line concentration [190, 191] is carried out by manipulating the 
composition of the sample and background solutions together with sample 
injection procedures without modification of the instrumentation used. There are 
several on-line concentration methods for CE such as sample stacking, 
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isotachophoresis, pH-mediated stacking, matrix switching and sweeping. Sample 
stacking is a well known phenomenon in electrophoresis [192]. It is based on the 
difference in electrophoretic velocities of solutes in a non-continuous buffer 
system, which has different electric field strengths. The sample is either dissolved 
in water or diluted with a low conductivity buffer. Isotachophoresis (ITP) is 
performed with a discontinuous buffer in respect to ions with different mobility 
and can be applied to many compounds ranging from small charged analytes to 
proteins [193]. pH-mediated stacking is used to concentrate samples by 
neutralizing the high-conductivity sample matrix with acid or base. This allows the 
sample cations to migrate quickly through the zone to the boundary with the 
background electrolyte (BGE), where they stack into a narrow band [194-197]. 
This method can also be used for anions by incorporating an EOF modifier (e.g., 
Hexadecyltrimethylammonim bromide) in the basic BGE and running under 
reverse polarity [198]. 
4.1.6 Scope of project 
 
      The objective of the present work was to develop new methodologies to 
improve the detection sensitivity of CZE so that it can be applied to trace 
biochemical and environmental analysis. To fulfill this purpose, first, the 
combination of three-phase LPME and on-column stacking was investigated for 
trace analysis of aminoalcohols in urine samples (section 4.3.1). In the second 
part of this work, a novel dynamic three-phase microextraction method was 
developed as a sample preparation technique prior to CE analysis (section 
4.3.2). Four aromatic amines as model compounds were preconcentrated from 4-
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ml aqueous samples. This method allowed the direct transfer of extracted 
analytes to a CE system for analysis. 
4.1.6.1  Static three-phase LPME for aminoalcohols 
 
        Aminoalcohols (beta-blockers) are a class of drugs that can be 
determined by CE [199]. They are used for the treatment of various 
cardiovascular disorders such as hypertension, angina pectoris, and 
cardioarrhythmia [200-202]. Usually, aminoalcohols are present at low 
concentrations in aqueous matrices such as patients’ urine or plasma etc. 
Therefore, sample preparation must be carried out on these samples before 
the drugs can be determined by CE to investigate the pharmacokinetic and 
pharmacodynamic results. 
      LLE and SPE are the most commonly used techniques for 
preconcentration and cleanup of drugs prior to CE analysis [203]. SPME has 
been developed for the pretreatment of aminoalcohols [204-208]. However, as 
mentioned previously, SPME suffers from some problems such as sample 
carryover, relatively high cost and fiber fragility. 
      As mentioned previously, the three-phase LPME system provided 
simultaneous extraction and back-extraction [81-83]. It also served as a method 
for sample clean-up and provided very clean extracts. In the present work, this 
method was simplified by only making use of one syringe so that the device is 
easier to be controlled than previously [81-83]. Additionally, the LPME device 
was investigated for preconcentration of aminoalcohols for the first time, in 
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combination with CE. On-column stacking in CE was combined with LPME to 
further improve detection sensitivity. The compounds were first extracted from 
spiked pure water samples to gain basic understanding of the process and for 
optimization of the extraction conditions. Different aspects of the extraction 
procedure such as the kinds of organic solvent suitable for the immobilization, 
composition of the acceptor and donor phase and the extraction time was 
investigated. Also, the injection time of on-line stacking in CE was optimized. This 
method was evaluated by application to human urine sample analysis. 
4.1.6.2  Dynamic three-phase LPME 
            
      Three-phase LPME has the benefit of combining LPME with CE directly, 
while two-phase LPME is generally used in combination with GC or HPLC as 
discussed in chapter 2 and chapter 3.  In this part of the work, we report on a 
concept of dynamic three-phase LPME, also termed as dynamic LLLME (this is 
different from the technique used in 4.1.6.1 and that of other groups [81-83] 
which can be termed as static three-phase LPME. This new approach can be 
looked upon as a combination of techniques used in 2.3.2 (dynamic LPME) and 
4.1.6.1 (static three-phase LPME). A hollow fiber unit serves as the “protector” of 
2 µl organic solvent while a microsyringe serves as the “holder” of a 5-µl acceptor 
solution. With the repeated movement of the syringe plunger afforded by a 
programmable syringe pump, the renewable organic film formed inside the hollow 
fiber can enhance the extraction efficiency significantly. This new technique 
provides significantly better extraction efficiency and reproducibility as compared 
to conventional static LLLME [81] or three-phase LPME reported in chapter 1. 
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Four anilines (3-NA, 4-CA, 4-BA and 3,4-CA) as model compounds were 
extracted from 4-ml aqueous samples adjusted to basic (donor solution) through 
the small volume of organic solvent impregnated in hollow fiber and finally into a 




      For the analysis of aminoalcohols, separation was carried out on a Prince 
CE (Prince Technologies, Emmen, The Netherlands) system equipped with a 
UV detector, with detection at a wavelength of 195 nm. A 60 cm x 50 µm ID 
(effective length 47 cm) uncoated fused-silica capillary tubing (Polymicro 
Technologies, Phoenix, AZ, USA) was used for separation. The support buffer 
was 30 mM tris-H3PO4 adjusted to pH 2.5 with concentrated phosphoric acid. 
The voltage during separations was 20 kV. Samples were injected by pressure 
(100 mbar) for 10-80 seconds. Data were collected and processed by DaX 
(Prince Technologies) data analysis software.   
      For the analysis of aromatic amines, the same CE system was used, with 
detection at a wavelength of 254 nm. A 75 cm x 50 µm ID (effective length 60 
cm) uncoated fused-silica capillary tubing was used for separation. The support 
buffer was 30 mM tris-H3PO4 adjusted to pH 3.7 with concentrated phosphoric 
acid. The voltage during separations was 20 kV. Samples were injected by 
pressure (100 mbar) for 0.1 min. The CE sample vial (with a 200-µl insert) was 
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modified to a third of its normal height so that the minimum sample volume 
providing repeatable injections for CE analysis could be decreased to 5 µl. 






























Figure 4-1 Structures of the four aminoalcohols 
 
      Hydrochloric acid (HCl) (37%) and sodium hydroxide (NaOH) of analytical- 
grade were obtained from Merck (Darmstadt, Germany). Phosphoric acid was 
purchased from Carlo Erba (Milano, Italy). Tris(hydroxymethyl)aminomethane 
(Tris), HPLC-grade methanol and toluene were purchased from J.T. Baker 
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(Phillipsburg, NJ, USA). 1-Octanol (>99.5%), isooctane, n-hexane and di-n-
hexylether were obtained from Merck. Ultrapure water was produced on a 
Nanopure system (Barnstead, Dubuque, IA, USA). Atenolol was purchased 
from Sigma (St. Louis, MO, USA). Norephedrine, pindolol and 2-amino-1-
phenylethanol were purchased from Aldrich (Milwaukee, WI, USA). 3-
Nitroaniline (3-NA), 4-chloroaniline (4-CA), 4-bromoaniline (4-BA) and 3,4-
dichloroaniline (3,4-CA) were bought from AccuStandards (New Haven, CT, 
USA). Aminoalcohols (Figure 4-1) and anilines (Figure 4-2) were dissolved in 
methanol to make stock solutions at concentrations of 1 mg/ml of each analyte, 
respectively. Mixtures containing each aminoalcohol (or aniline) at different 
concentrations in 1 M NaOH (or 0.1 M NaOH) were prepared from the stock 
solutions and used as working solutions. All solutions were stored at 4°C after 
preparation.   
 





















      For the analysis of aminoalcohols, one conventional 10-µl HPLC syringe 
(Hamilton, Australia) of 0.8 mm OD was used to introduce the acceptor solution 
into the hollow fiber prior to extraction and support the hollow fiber. It was also 
subsequently utilized for collection and injection of the acceptor solution after 
extraction. 
      Other materials used in this chapter including the hollow fiber membrane and 
PHD 2000 programmable syringe pump have been described in chapter 3. 
4.2.4 Extraction setup and procedures 
 
      The three-phase LPME device for aminoalcohols and anilines is illustrated 
in Figure 4-3.  
      Static three-phase LPME is used for analysis of aminoalcohols (Figure 4-3). 
The sample solution was filled into a 4-ml vial. A sample solution (prepared in 
0.1 M or 1 M NaOH solution) of volume 3.5 ml was placed in a 4-mL sample 
vial. 5 µl of acceptor solution (either 0.1 M HCl or 0.05 M HCl etc as discussed 
below) was injected into a 2-cm length of hollow fiber (the other end of the 
hollow fiber was flame-sealed) with the 10-µl syringe. The hollow fiber, affixed 
on the needle, was subsequently dipped for 5 s in the organic solvent (typically 
1-octanol) used for impregnation; the latter procedure served to fill the pores of 
the hollow fiber with the organic solvent. The hollow fiber was then placed in the 
sample solution. During the extraction, the sample solution was agitated at a 
stirring rate of 1000 rpm. After extraction, the acceptor solution was withdraw 
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back into the syringe and injected into a 200 µl vial. The solution (5 µl) was 
reconstituted with 35 µl aqueous solution containing 30 mM tris-H3PO4, prior to 
CE analysis.  
      Dynamic three-phase LPME was used for the extraction of anilines (Figure 
4-3). Briefly, dynamic three-phase LPME consists of the following steps: A 4-ml 
sample solution (prepared in 0.1 M or 1 M NaOH solution) was placed in a 
sample vial. 5 µl of acceptor solution (either 0.1 M HCl or 0.5 M HCl etc as 
discussed below) was withdrawn into the microsyringe. Then 2 µl of organic 
solvent (typically 1-octanol) was also withdrawn into the microsyringe followed by 
an equal volume of water. The needle tip was inserted into the hollow fiber and 
the assembly was immersed in the organic solvent for about 5 seconds to 
impregnate the pores of the hollow fiber with the organic solvent. Then, the water 
(all 2 µl of it) in the syringe was injected to flush the hollow fiber in order to 
remove excess organic solvent from the inside (channel) of the fiber. Organic 
solvent in the syringe was injected completely into the hollow fiber while 5 µl of 
acceptor solution remained resident inside the microsyringe. The prepared fiber 
(still attached to the needle) was removed from the organic solvent and 
subsequently immersed in the sample solution. The microsyinge (in a vertical 
position) was fixed on the syringe pump. The magnetic stirrer and the syringe 
pump were then simultaneously switched on. The stirring speed was set on 1000 
rpm for all extractions. The plunger was withdrawn at a speed of 0.5 µl/s (the 
maximum speed for a 0.47-mm i.d. syringe) to withdraw 2-µl of aqueous sample 
into the hollow fiber. After 5 s of dwelling (waiting) time, the plunger was 
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depressed at the same speed to refill the fiber with 2-µl of organic solvent. The 
same dwelling time of 5 s was used before the plunger was retracted. The above 
cycle was then repeated for a prescribed number of times. The final movement of 
the syringe pump was to pump the 2-µl organic solvent into the hollow fiber. The 
syringe pump and the stirrer were switched off after extraction. The syringe 
needle/hollow fiber assembly was removed from the sample solution and the 
hollow fiber with 2-µl organic solvent inside discarded; the 5-µl analyte-enriched 
acceptor solution inside the microsyringe was injected directly into the CE sample 
vial on the autosampling carousel just prior to CE analysis.  
 
 
Figure 4-3 Schematic of the three-phase LPME device 
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4.3  Results and discussion 
4.3.1 Preconcentration of aminoalcohols in urine by 
combined use of off-column static three-phase LPME 
and on-column stacking for trace analysis by CZE 
      The initial objective was to optimize static three-phase LPME and on-column 
stacking conditions respectively for the extraction of aminoalcohols from water 
samples. The optimized conditions then was applied to urine samples.   
4.3.1.1  Determination of aminoalcohols by CZE with off-column 
static three-phase LPME 
 
      To evaluate the effectiveness of the preconcentration approaches under 
investigation, the potential of CZE alone was first examined. The aminoalcohols 
are weak bases. Similar compounds have been reported to be separated as 
positive ions at acidic pH values using CZE, or separated as almost neutral 
molecules at basic pH values using micellar electrokinetic chromatography 
(MEKC) [209, 210]. In this work, aminolalcohols were separated under the former 
mode. The aminoalcohols were well separated within 10 min. However, detection 
limits were unsatisfactorily high in the range of 5-10 µg/ml, implying that 
preconcentration was needed in order to improve the concentration sensitivity. 
      Figure 4-4 shows a typical electropherogram of 4 aminoalcohols analyzed 
by using CZE combined with static three-phase LPME technique.  
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Figure 4-4 Electropherogram of a spiked water sample (2 µg/ml) obtained by LPME-CE. 
Capillary: 60 cm × 50 µm ID (effective length: 47 cm); buffer, 30 mM tris-H3PO4 (pH 2.5); 
detection, UV 195 nm; voltage, 20 kV; injection, 100 mbar.s; injection time: 0.1 min. Peaks: (1) 2-
Amino-1-phenylethanol; (2) Norephedrine; (3) Pindolol; (4) Atenolol. 
 
4.3.1.2  Determination of aminoalcohols by CZE with field-
amplified concentration 
 
     In this work, we chose normal polarity field-amplified concentration (FAC) 
for on-column sample stacking. Burgi and Chien [211] have suggested that the 
optional condition for sample stacking is to prepare the sample in a buffer 
concentration that is about 10 times less than that used for the electrophoretic 
separation and a sample plug length up to 10 times the diffusion-limited peak 
width. We followed a similar procedure and prepared samples in the 
separation buffer diluted 10-fold. The pH of the diluted sample buffer (3 mM 
tris-H3PO4) was ca. 2.5, at which the basic aminoalcohols were partially 
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protonated, forming cations which were to be stacked at the front of the 
sample matrix band by FAC using the normal injection mode. Pressure 
injection was used, and the pressure was maintained at 100 mbar in all runs 
with injection times varied in steps of 10 seconds. The peak area of Pindolol 
(the most intense) was used to show the influence of injection time on the 
detection signal (Figure 4-5). 
      It is seen from Figure 4-5 that the detection signal increased as the injection 
time increased. However, a further increase in injection time after 1 minute 
brought only a slight enhancement in detection, while leading to serious 
interference of early-eluting aminoalcohols by the solvent. Based on this, 1 min 
















Figure 4-5 Plot of the peak area of Pindolol versus injection time. Conditions as in Figure 4-4. 
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4.3.1.3 Determination of aminoalcohols by CZE with LPME-
CE/FAC 
 
      From the above experiments, it was found that FAC could enrich 
aminoalcohols rapidly and easily, but the preconcentration factors from FAC were 
insufficient. For any meaningful real analysis, however, interferences could also 
be concentrated. LPME by itself was useful for sample clean up, was very easy 
to control and gave relatively high preconcentration factors. However, detection 
sensitivity was reduced due to the dilution of the extract in order to obtain the 
minimum volume (40 µl) in sample vial for CE detection. Thus, the combination of 
FAC with LPME was considered to achieve both sample cleanup and satisfactory 
to pre-concentration. We diluted the acceptor solution (5 µl) in LPME to 40 µl, 
with running buffer (3 mM tris-H3PO4) prior to further concentration by FAC. 
4.3.1.3.1 Selection of organic solvent for impregnation of the hollow fiber    
 
      As discussed in chapter 3 (section 3.4.1.1), one of the critical steps in LPME 
is to select an organic solvent for pretreatment (immobilization) of the hollow 
fiber. Based on the above discussion and earlier experience with LPME [81, 83], 
1-octanol, and di-n-hexylether were evaluated as immobilization solvents. n-
hexane and isooctane were also investigated as immobilization solvents, but no 
enrichment of the analytes was observed. This may be related to the relative 
incompatibility of polarity between these solvents and the aminoalcohols. With 
0.1 M HCl as the acceptor phase, 1 M NaOH in the 3.5 ml donor phase and 40 
min extraction of all the aminolalcohols, 1-octanol was found to provide higher 
preconcentration of the four aminoalcohols than di-n-hexylether (Table 4-1). This 
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is probably due to the relatively higher polarity of 1-octanol and its greater affinity 
for the aminoalcohols. Therefore, 1-octanol was selected as immobilization 
solvent for the rest of this study. 
Table 4-1 Efficiencies of 1-octanol and di-n-hexylether as impregnation solvent a 
Enrichment (-fold)  
Compounds 
 1-octanol di-n-hexylether 
2-Amino-1-phenylethanol 
 
50 ± 4.7% 36 ± 4.2% 
Norephedrine 
 
50 ± 8.9% 33 ± 7.3% 
Pindolol 
 
79 ± 8.6% 55 ± 6.9% 
Atenolol 
 
34 ± 7.5% 19 ± 7.8% 
n=3 
a Water samples at a concentration of 1 µg/ml of each compound. Data were obtained from mean 
values of three determinations. 
4.3.1.3.2 Composition of the acceptor phase and donor phase 
      The composition of both the donor and acceptor solutions was another 
important parameter in LPME. Basically, the acceptor phase should be 
strongly acidic in order to promote dissolution of the alkaline analytes while the 
donor phase should be strongly alkaline in order to deionize the analytes and 
consequently reduce their solubility within the sample. In this way, a high 
partition coefficient results leading to high preconcentration by LPME. In this 
study, we chose HCl and NaOH at different concentrations as acceptor and 
donor solution, respectively. Table 4-2 gives the results of the experiments of 
optimizing the composition (based on pH) of both the donor and acceptor 
solutions. All the experiments were conducted over 40 min with 1-octanol as 
the solvent for impregnation of the hollow fiber. From Table 2, we see that the 
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preconcentration factors were not significantly affected by the NaOH 
concentrations (donor phase) while the preconcentration factors were 
sensitive to the HCl concentrations (acceptor phase). The concentration of 
acceptor phase dramatically influences the behavior of every analyte, 
especially 3-NA and 3,4-CA which have relatively lower pKa values (the pKa of 
3-NA, 4-CA, 4-BA and 3,4-CA are 2.47, 3.98, 3.86 and 2.97, respectively). On 
the basis of the above experiments, 0.1 M HCl and 1 M NaOH were selected 
as the acceptor solution and donor solution respectively for the rest of the 
work. 
Table 4-2 Enrichment of Pindolol utilizing different donor and acceptor solutions  
 
 Donor, NaOH (M)  Acceptor, HCl (M) Enrichment factor (-fold)   
      1       0.1       70 ± 8.3% 
      1       0.05 40 ± 6.9% 
      1       0.5 a 
      0.1       0.1 64 ± 8.8% 
      0.1       0.05 28 ± 8.5% 
      0.01       0.1 62 ± 7.2% 
      0.001       0.1 55 ± 5.6% 
a Problems related to high ionic strength of sample during capillary electrophoresis (the pindolol 
peak could not be identified). 
 
4.3.1.3.3 Extraction time 
 
      In this study, the preconcentration was studied as a function of extraction 
time (Figure 4-6). All the experiments were performed with the hollow fiber 
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impregnated with 1-octanol, 1M NaOH in the donor solution and 0.1 M HCl as 
the acceptor solution. For all drugs, the preconcentration factors increased 
with extraction time up to 50 min. Since there was no significant change 
(increase or decrease) in preconcentration after 50 min of extraction, this time 
was selected. Although the extraction time was relatively long, simultaneous 
extracting a large number of different samples could result in a very high 
















































Figure 4-6 Plot of preconcentration factors for aminoalcohols versus extraction time. Injection 
time: 1 min, Other conditions as in Figure 4-4. 
 
4.3.1.4 Quantitative analysis 
 
      Quantitative data (LPME and FAC/CE) are shown in Table 4-3. The 
extraction and determination of aminoalcohols was performed with the optimal 
LPME conditions and FAC. Under these optimum conditions, the LPME 
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acceptor phase was directly compatible to CE. The four aminoalcohols could 
be preconcentrated up to 110-fold, as shown in Table 4-3. Linearity was 
observed over the range of 0.5-10 µg/ml for the analytes except for Atenolol 
(1.0-10 µg/ml). Coefficients of correlation (r2) were all above 0.9936. Six 
replicate experiments of aminoalcohols (1 µg/ml) were investigated under the 
optimized conditions to give 5.1%-10.8% RSD without use of the internal 
standard, while the results were improved to 4.3-6.9% RSD when correlations 
were applied based on 2-amino-1-phenylethanol (1 µg/ml) as internal 
standard. The repeatability was acceptable and comparable with other 
microextraction techniques reported in the literature [125]. The limits of 
detection (S/N=3) ranged from 0.08 to 0.5 µg/ml. 
4.3.1.5 Human urine sample analysis  
 
      Aminoalcohols were preconcentrated from human urine in order to 
investigate the  influence of biological fluid on the extraction method. A 4-ml 
urine sample was spiked with 1.5 µg/ml aminoalcohols except for Atenolol (2.5 
µg/ml), and subsequently 200 µl of 2 M NaOH was added to the sample to 
provide an approximately 0.1 M concentration in the donor solution. The blank 
urine sample and spiked urine sample were investigated under the same 
conditions. LPME was performed for 50 min by utilizing 1-octanol as 
impregnation solvent and a 0.1 M solution of HCl as acceptor solution. Initially, 
injection time was fixed at 1 min for CE analysis. In this case, the peaks of 
aminoalcohols were very broad. Obviously, the matrix of the urine sample 
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needed adjustment of the injection time. So, injection time was fixed at 40 
seconds for analysis of extract from urine samples. Repetitive extractions from 
human urine varied within 6.3-12.4% RSD without use of the internal standard, 
while the results were improved to 5.7-7.4% RSD when correlations were 
applied based on 2-amino-1-phenylethanol (1.5 µg/ml) as internal standard 
(Table 4-4). 
 
Table 4-3 Quantitative results of LPME-CE/FAC from water samples 
 
RSD (%) a Compounds Enrichment
(-fold) 
LOD 




2-Amino-1-phenylethanol 84 0.3 5.1 IS 
Norephedrine 89 0.3 10.8 6.9 
Pindolol 110 0.08 9.7 5.9 
Atenolol 72 0.5 8.6 4.3 
a n=6 
       
Table 4-4 Within-day repeatability for LLLME-CE/FAC of aminoalcohols from urine samples 
 
RSD (%) a  
Compounds No correction with IS Correction with IS 
2-Amino-1-phenylethanol 6.3 IS 
Norephedrine 12.4 7.4 
Pindolol 9.9 6.2 




As illustrated in Figure 4-7a, aminoalcohols were effectively 
preconcentrated from the biological samples. The detection limits (S/N=3) were 
ca. around 1 µg/ml for most aminoalcohols except for Atenolol (2 µg/ml). In 
addition to enrichment, significance sample cleanup was observed with the 
LLLME procedure. For drug-free urine sample (Figure 4-7b), only one peak 




Figure 4-7 LLLME-CE/FAC of urine sample. (a) Urine sample spiked with aminoalcohols at 1.5 
µg/ml; (b) Drug free urine; Injection time: 40 seconds. Other conditions as in Figure 4-4. Peaks: 








4.3.2 Preconcentration of anilines by dynamic three- 
phase LPME for trace analysis by CZE  
4.3.2.1   Mass transfer model 
 
      Figure 4-8 shows an expanded view of the extraction procedure in the hollow 
fiber segment. The hollow fiber held on the syringe was placed within the sample 
solution, resulting in a three-phase system (Figure 4-8a): sample solution (donor 
phase), organic plug (OP) and diluted hydrochloric acid (acceptor phase). 
Because the organic solvent in the hollow fiber was immiscible with water, it 
served as an effective barrier between the donor phase and the acceptor phase. 
Because of the porosity of the hollow fiber, a very thin organic film (OF in Figure 
4-8b) was entrapped in the pores when the organic solvent was withdrawn into 
the syringe, followed by the aqueous sample solution. Because of the surface 
tension, the organic solvent covered both the external and internal surfaces of 
the hollow fiber. If we assume that the thickness of the OF was the same as that 
of the hollow fiber, the interfacial area of contact could be calculated as: S = 
2π(R + r)L, since both the external and internal surfaces of OF were in contact 
with the aqueous sample (donor phase). In static LLLME [81], the interfacial area 
of contact was only S= 2πRL since only the external surfaces of the organic 
solvent were in contact with the donor phase. The volume of the aqueous sample 
plug inside the hollow fiber was much less than the volume of aqueous sample in 
static LLLME [81]. According to eq 4-4 (see 4.3.2.2 Basic principles), in this case, 
the first-order rate constant k was higher than in static LLLME. Since the 
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extraction rate is mainly affected by k, the extraction equilibrium between the 
aqueous sample plug and the solvent microfilm could be established quickly. In 
addition, as previously described for dynamic LPME [40], bolus flow was also 
generated between the organic plug (OP) and aqueous sample plug (ASP) as 
well as between the organic plug and acceptor phase during the movement of the 
plunger, which also increases the mass transfer of analytes through both of the 
end surfaces of the organic plug. After a dwelling time of several seconds to 
achieve equilibrium, the aqueous sample was expelled from the hollow fiber.  
      When the OP was being pushed back into the hollow fiber (Figure 4-8c), the 
OF recombined with the bulk solvent and mass transfer of analytes occurred 
between the OF and the OP, and between the OP and the acceptor phase by pH 
difference. Owing to the low solubility of the analytes within the alkaline donor 
phase and inversely their high solubility in the acidic acceptor phase, the analytes 
were extracted into the latter solution.       
      Because the analytes (S) were ionized (S+) within the acceptor solution, they 
were prevented from re-entering the organic solvent. With this mass transfer, the 
equilibrium of analytes set up between the OF and the aqueous phase was 
broken, and the OF was refreshed. At the same time, the ASP was also renewed 
during this procedure as a result of the agitation of the bulk aqueous sample. 
Therefore, both OF and ASP were refreshed in the next cycle, and a new 
equilibrium would be established. The repeated movement of the plunger 
ensured equilibrium was being repeatedly established and broken. The end result 




Figure 4-8 Expanded view of dynamic LLLME within the hollow fiber. R and r are the radii of the 
hollow fiber with respect to the outer and inner walls. 
 
4.3.2.2 Basic principles 
 
      For the three-phase microextraction, there is a series of two reversible 
extractions. First, the deionized analytes are extracted from the alkaline donor 
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solution to the organic film formed in the wall of the hollow fiber when the organic 
solvent is withdrawn into the syringe; then, the analytes are back-extracted into 
the acidic aqueous acceptor phase inside the syringe when the organic solvent is 
expelled from the syringe. Since the analytes are ionized within the acceptor 
solution, they are prevented from re-entering the organic plug. It is conceivable 
from the contact area between the organic phase and the aqueous acceptor 
phase, as well as from the convection in the phases due to the retraction of the 
plunger, that after the first plunger cycle, more of the back extraction of analytes 
from the organic phase into the aqueous acceptor phase would occur as the 
plunger is retracted (Figure 4-8b) rather than as the organic phase is expelled 
from the syringe. The enrichment factor (Ee) is given by [81]: 
 Ee = 1/[1/K + Va2/Va1]       (4-3) 
where Va2 is the volume of acceptor solution inside the syringe, Va1 is the volume 
of donor (sample) solution and K is defined as the ratio Ca2,eq/Ca1,eq (Ca2,eq is the 
equilibrium concentration of analyte in the acceptor phase and Ca1,eq is the 
equilibrium concentration of analyte in the donor phase). It is obvious that Ee can 
be increased by increasing K (maximizing Ca2,eq and minimizing Ca1,eq).  
      In our present work, the first series of extraction involves the distribution of 
the solute between two immiscible liquid phases. The extraction rate, like 
conventional LPME [41] is mainly affected by the first-order rate constant (k): 
 k=Aiβ0 (к/Va1 + 1/Vo)       (4-4) 
where Vo and Va1 are the volumes of the organic and donor phases respectively, 
Ai is the interfacial area, β0 is the overall mass-transfer coefficient with respect to 
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the organic phase, and к is the distribution coefficient, defined by the ratio of 
analyte concentration in the organic phase and the aqueous donor phase at 
equilibrium. It is obvious that fast extraction requires Vo and Va1 to be small and Ai 
to be high. In our study, a very thin renewable organic film (OF) was formed in 
the pores of the hollow fiber by the repeated movement of the syringe plunger. 
Both the inner and external surfaces of the OF could come into contact with the 
sample solution since they were developed in the pores of the hollow fiber.  The 
interfacial area of contact between two phases (Ai) was increased and the 
volume of aqueous sample (Va1) was decreased compared to static LLLME [81]. 
Thus, the extraction speed was increased. That means the equilibrium 
concentration of analyte (Ca1,eq) in the donor phase was decreased. Based on eq 
4-3, eq 4-4 and the above discussion, Ee was higher in our current system than in 
static LLLME.    
4.3.2.3 Optimization of dynamic three-phase LPME 
4.3.2.3.1 Selection of organic solvent 
 
      The type of organic solvent used in dynamic three-phase LPME was an 
essential consideration for the success of the extraction. Considering the 
frequent movement of the organic solvent plug in the hollow fiber and the 
renewable thin organic film formed in the hollow fiber during the extraction, the 
target organic solvent should be easily immobilized on the polypropylene hollow 
fiber; furthermore, it should be immiscible with water and be of low volatility to 
prevent solvent loss. Based on the above requirements as well as previous 
experience with microextraction, 1-octanol and toluene were evaluated for this 
 129
work. The results showed that the two solvents provided similar extraction results 
for the target anilines. 1-octanol was finally selected as the extraction solvent 
primarily because of the higher relative toxicity of toluene.    
4.3.2.3.2 Extraction time and dwelling time.   
 
      The preconcentration was studied as a function of extraction time (Figure 
4-9). All the experiments were performed with 4 ml of donor solution (target 
compounds were prepared in 0.1 M NaOH) and 5 µl of 0.1 M HCl as the acceptor 
solution. Dwelling time, described as the time between refilling and infusing of the 
donor solution (sample) in one sampling cycle, was set at 5 s. As seen from 
Figure 4-9, the amount of anilines extracted by dynamic three-phase LPME 
increased with increasing extraction time from 10 to 40 min. The enrichment 
factor stabilized at an extraction time of about 30 min for all analytes. This 
showed that dynamic three-phase LPME attained equilibrium faster than static 
three-phase LPME [81-83]. Nevertheless, it was not necessary for equilibrium for 
all analytes to be established, since if extraction operations were consistently 
applied, quantitative analysis was not compromised. For a reasonable extraction 
time of 20 min, satisfactory extraction efficiency was achieved for all four 
analytes. Thus, we chose 20 min as the extraction time for the rest of the study. 
      For a certain extraction time, the shorter the dwelling time, the greater the 
number of sampling cycles. In two-phase dynamic LPME [41], the extraction 
efficiency increased as the dwelling time was decreased for a particular 
extraction time. In our present study, however, the extraction efficiency was best 
when dwelling time was longer: 10 s (Figure 4-10). This is because of the 
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different extraction equilibria of two-phase LPME and three-phase LPME. For the 
former, the extraction equilibrium only occurred between the aqueous phase and 
the organic phase. For three-phase LPME, however, there is a series of two 
extraction equilibria. The first extraction equilibrium is between the aqueous 
phase (donor phase) and the organic phase; the subsequent extraction 
equilibrium is between the organic phase and the acceptor phase. Although 
shorter dwelling time could enhance the extraction efficiency of the first extraction 
process, the total extraction efficiency of three-phase LPME was a compromise 
between the two extraction equilibria. Therefore, we chose 10 s as the optimum 












































Figure 4-10 The influence of dwell time on extraction efficiency. Spiked concentration, 1 µg/ml of 
each aniline. 
       
4.3.2.3.3 Phase ratio between donor phase and acceptor phase  
 
      In the present work, the phase ratio of donor and acceptor solutions was 
varied in the range of 2000:1 to 800:1, by changing the volume of donor phase 
whilst the volume of acceptor phase was kept constant at 5 µl. Generally, 
extraction efficiency can be improved by the increase of the volume ratio of donor 
to acceptor phase. As seen from Figure 4-11, however, the extraction results 
obtained for the 4 anilines were most favorable to suggest a phase ratio of 800. 
This may be due to organic solvent depletion in the present work. Although 1-
octanol has a very low solubility in water (5.4 × 10-4 w/w) [118], the effect of 
organic film depletion cannot be entirely negligible in dynamic three-phase LPME 
since only a small volume of organic solvent (2-µl) was used in the system 
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especially under repeated movement of the syringe, and organic film depletion 
would lead to concentration variations of extractants. With an increase in the 
aqueous donor phase volume, organic film depletion may be worsened. This 
would lead to a decrease in the extraction efficiency. We thus selected 4 ml of 
























Figure 4-11 The effect of ratio between donor phase and acceptor phase on the extraction 
efficiency. Spiked concentration, 0.5 µg/ml of each aniline. 
4.3.2.3.4 Donor and acceptor solutions 
      As discussed previously, the difference in pH between the donor and 
acceptor phase can promote the transfer of analytes from the former to the latter. 
In order to get a high partition coefficient result leading to high preconcentration 
by dynamic three-phase LPME, the donor solution should be sufficiently alkaline 
to maintain the neutrality of the analytes and consequently reduce their solubility 
within the sample solution. The acceptor phase should be acidic in order to 
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promote dissolution of the alkaline analytes. Based on the above consideration, 
experiments were conducted to optimize the composition (leading to variation of 
pH) of both the donor and acceptor solutions. We firstly investigated HCl as the 
acceptor phase by varying its concentration from 0.05 M to 0.5 M; and 0.1 M 
NaOH was maintained as the donor phase in these experiments. 
      As shown in Table 4-5, the pH of the acceptor phase is a critical factor in the 
extraction, and dramatically influences the behavior of every analyte, especially 
3-NA and 3,4-CA which have relatively lower pKa values. Since 0.5 M HCl 
provided the highest enrichment factor for all analytes, it was selected for 
subsequent experiments. The higher HCl concentration was not used to avoid 
strong destacking in CE analysis. Secondly, the donor phase which was adjusted 
by NaOH concentration varying from 0.01 M to 1 M was investigated. The results, 
also shown in Table 4-5, indicate that the preconcentration factors were not 
significantly affected by NaOH concentration. The lower NaOH concentration ie. 
0.1 M, was thus chosen to be the donor phase for the rest of the study. 
Table 4-5 Effect of compositions of donor and acceptor phases on the enrichment factor a 
 
0.1 M NaOH 0.5 M HCl  
Compound 0.05 M  
HCl 
0.1 M  
HCl 
0.5 M  
HCl 
0.01 M  
NaOH 
0.05 M  
NaOH 
1 M  
NaOH 
4-CA 63 60 82 77 74 72 
4-BA 81 78 125 105 98 101 
3,4-CA 16 31 85 79 70 81 
3-NA 20 20 54 46 43 50 
a Extraction conditions: concentration of each analyte 1 µg/ml; extraction time 20 min. 
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4.3.2.3.5 Extraction of anilines in water using optimized conditions of 
dynamic three-phase LPME  
 
      Figure 4-12 shows a typical CE electropherogram of the 4 anilines after 
dynamic three-phase LPME. The optimum conditions of dynamic three-phase 
LPME are: organic extraction solvent, 1-octanol; extraction time, 20 min; dwelling 
time, 10 s; sample solution (donor solution), 4 ml; acceptor solution, 5 µl; 
concentration of NaOH (in donor solution), 0.1 M; concentration of HCl (acceptor 
solution), 0.5 M.  
 
 
Figure 4-12 Preconcentration of 0.5 µg/ml anilines from a standard solution in water: CE buffer, 
30 mM tris-H3PO4 (pH=3.7); separation voltage, 20 kV; capillary, 60 cm (effective length) x 50 µm 
i.d.; detection, UV at 254 nm. injection, 100 mbar.s; injection time, 0.1 min. Peaks: (1) 4-CA; (2) 
4-BA; (3) 3,4-CA; (4) 3-NA. 
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4.3.2.4 Evaluation of dynamic three-phase LPME 
 
      To evaluate the practical applicability of the proposed dynamic three-phase 
LPME technique, enrichment factor, repeatability, linearity, and relative recovery 
were investigated under optimized conditions. The repeatability of CE peak areas 
was studied for six replicate experiments for an aqueous sample spiked at 0.5 
µg/ml. The enrichment factor, defined as the ratio of peak areas after extraction 
and that before extraction, was used to evaluate the extraction efficiency. As high 
as 140-fold enrichment was achieved in only 20 min. RSDs of all analytes were 
lower than 14% based on peak areas. Utilizing 4-CA as internal standard, the 
RSDs results showed significant improvement (2.3-3.9%). Linearity was obtained 
over the range of 0.1-10 µg/ml and the coefficient of correlation (r2) ranged from 
0.9976 to 0.9995. LODs ranged from 0.008 to 0.02 µg/ml (S/N=3). Because 
dynamic three-phase LPME is a non-exhaustive extraction procedure like SPME, 
relative recoveries, defined as the ratio of CE peak areas of tap water extracts to 
spiked Milli-Q water extract [69], were calculated to evaluate the effect of matrix. 
The experiments were repeated three times. The relative recoveries for all target 
aniline were higher than 90%. This means that the matrix had little effect on 
dynamic three-phase LPME. Results of all the above experiments are shown in 
Table 4-6. The RSDs of dynamic three-phase LPME are much better than those 
of the previous static three-phase LPME procedure [81].There are several 
reasons for this. Firstly, 2 µl of the organic solvent was confined within the hollow 
fiber while the aqueous acceptor phase was held inside the syringe. The barrier 
(organic solvent) between the donor phase and the acceptor phase was more 
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effective, resulting in increased stability of a three-phase system. Secondly, the 
movement of the plunger was automatically controlled by use of the syringe 
pump. Therefore, the formed organic film should be more uniform than the 
organic solvent manually immobilized in the pores of the hollow fiber. The 
enrichment achievable by dynamic three-phase LPME was also higher than that 
of static three-phase LPME, showing that it was a more attractive extraction 
method. 
Table 4-6 Performance of dynamic three-phase LPME 












4-CA 90 0.1-10 0.02 92.1 10.5% IS 
4-BA 140 0.1-10 0.01 93.8 13.8% 3.9% 
3,4-CA 90 0.1-10 0.008 92.5 11.6% 2.3% 
3-NA 60 0.1-10 0.01 90.2 6.8% 3.5% 
a The final concentration of each analyte after spiking in tap water was 0.1 µg/ml. 
 
4.4 Conclusions and future research 
 
      The results of the investigation performed in this work have demonstrated 
the potential of three-phase LPME combined with CE analysis in the 
determination of drugs and organic pollutants in the aqueous environment.       
Firstly, an enrichment method based on the combination of off-column static 
three-phase LPME and on-column FAC was developed to extract and 
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preconcentrate drugs prior to CE analysis. This method was employed to 
determine aminoalcohols in urine sample. Based on disposable extraction 
devices, the extraction was simple, inexpensive and easy to use. The amounts 
of materials used (acceptor phase, 5 µl; donor phase, 40 µl, the minimum 
needed for one CE system) were relatively low. It could be used for a large 
number of different samples providing a high sample capacity due to the low 
cost of each extraction unit (the hollow fiber). Also, sample carryover was 
avoided due to the extraction unit being disposable and the use of fresh sample 
and fiber for each extraction. By combining static three-phase LPME and 
CE/FAC, up to 110-fold enrichment and effective sample clean-up were 
achieved. Static three-phase LPME combined with the on-line stacking method 
has been demonstrated to be precise, reproducible and linear over a wide 
range. Thus, we have shown this technique to be effective for the analysis of 
trace aminoalcohols. Secondly, a novel approach to dynamic three-phase 
LPME semi-automated by using a syringe pump was developed with analysis 
by capillary electrophoresis. Most current microextraction procedures are 
combined with gas chromatographic analysis. Three-phase microextraction 
extends the application of such solvent-minimized procedures to CE. Extracts 
could be directly analysed by the latter technique. When evaluated for four 
anilines as test compounds, the present method has been shown to provide 
high enrichment factors, high relative recoveries and excellent reproducibility 
and linearity. Work is continuing to apply the procedure to real samples. Further 
 138
investigations are now also on the way to extend the procedure to organic 
pollutants such as pesticides, etc. 
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Chapter 5 Conclusions 
 
      The results of this work clearly illustrated that the various approaches of 
Liquid-phase microextraction (LPME) can be efficiently used for the analysis of 
organic pollutants and drugs in aqueous samples. They provide feasible 
alternative methods to conventional sample preparation techniques. 
      Drop-based solvent microextraction procedures including LPME and 
dynamic LPME were shown to be fast, easy to operate, and precise in the 
extraction of polycyclic aromatic hydrocarbons (PAHs) from aqueous samples. 
Both static LPME and dynamic LPME required very simple systems (devices) 
for extraction, needed only several microlitres of solvent and only 3 ml of 
aqueous samples. Normally, a microsyringe was held on a retort stand or 
placed in the groove of a syringe pump to fix its position. In static LPME, the 
microdrop of solvent was introduced into the aqueous sample and held at the 
tip of needle. In dynamic LPME, the several microlitres of organic solvent was 
membrane held inside the microsyringe and aqueous sample was  repetitively 
brought into the banel for extraction. The tip of the microsyringe needle was 
immersed in the aqueous sample throughout the whole procedure. After a 
prescribed extraction time, the organic solvent was withdrawn into the syringe, 
transferred to a sample vial, and evaporated by a slow nitrogen gas flow. After 
gas redissolution in 10 µl methanol, the extract  was injected into the HPLC for 
analysis. Factors influencing extraction efficiency were investigated and 
optimized under the optimal condition. Good enrichment factors (180-fold and 
280-fold for static and dynamic mode, respectively), good sensitivities (limits of 
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detection at low ppb levels for both static and dynamic modes), linearity 
(correlation coefficients ranging from 0.9878 to 0.9921 for static mode and 
from 0.9908 to 0.9981 for dynamic mode) and relative recoveries (higher than 
90% for most target compounds) were obtained in the determination of PAHs. 
In static LPME, the organic solvent drop was held at the tip of the syringe 
needle. This brought into question the stability of the drop, which limited the 
application and development of such drop-based techniques for “dirty” 
aqueous matrices. In dynamic LPME, the organic solvent was “protected” by 
the microsyringe and therefore the stability of the solvent was enhanced 
significantly (compared to a naked spherical drop in static LPME).  
Furthermore, with the repeated movement of the microsyringe, the interfacial 
area between aqueous sample and organic solvent was enhanced. Hence, the 
extraction efficiency was improved in comparison .with static LPME. In general,  
since the extraction solvent was in contact with the matrix directly, both of 
these modes of LPME were not sample clean-up procedures and were not 
suitable for “dirty” matrices.  
      The use of polypropylene hollow fiber combined with solvent 
microextraction was investigated to address the disadvantages of the 
aforementioned LPME approaches (especially static LPME). Here, the 
extraction solvent was protected by the porous hollow fiber compared to static 
LPME, and therefore its stability was enhanced significantly. Furthermore, the 
change in solvent configuration from being a sphere to a rod was beneficial to 
extraction efficiency since the contact surface between the aqueous sample 
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and solvent was enhanced. The use of hollow fiber also allowed sample clean-
up because large molecules such as proteins in biological samples, humic 
acids in environmental samples, etc. could not penetrate the hollow fiber 
pores. Thus, these techniques could be applied to “dirty” samples such as soil 
slurries, and biological fluid (urine etc.)   
      Hollow fiber-protected dynamic two-phase LPME was developed and 
evaluated by using the procedure in combination with GC/MS to determine 
pesticides. Trace amounts of pesticides in  both water and soil were extracted 
and determined. Hollow fiber-protected dynamic two-phase microextraction 
and SPME were compared. The two techniques were comparable in terms of 
enrichment and facility of automation. However, hollow fiber-protected dynamic 
two-phase microextraction was more precise (good RSDs of LPME in 4-min. 
extraction ranged from 4.6 to 9.8%), afforded simpler and more convenient. 
The last point is especially so with respect to possible application to HPLC and 
CE analysis. 
      In yet another approach liquid-liquid-liquid microextraction (LLLME), or   
three-phase hollow fiber-protected LPME was investigated for the analysis of 
ionizable compounds in aqueous samples. Static three-phase hollow fiber-
protected LPME combined with on-line stacking was demonstrated to be a 
sensitive method to detect trace beta-blockers (drugs) in aqueous matrices. 
Extraction parameters were studied and the applicability of the method to 
biological matrix such as human urine was also evaluated (LODs were around 
1 µg/ml for most aminoalcohols in this biological sample.). Dynamic three-
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phase hollow fiber-protected LPME as a new microextraction approach was 
also investigated and shown to be more efficient than static three-phase hollow 
fiber-protected LPME since the interfacial area was enhanced by repeated 
movement of the syringe plunger; this facilitated mass transfer of analytes to a 
greater degree. Several extraction parameters were studied by using anilines 
as model compounds. Dynamic three-phase hollow fiber-protected LPME was 
found to provide higher extraction efficiencies in more rapidly than static three-
phase hollow fiber-protected LPME (LODs from 0.008 to 0.02 µg/ml of anilines 
were obtained from dynamic three-phase hollow fiber-protected LPME 
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